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Abstract: Summary The development of an entire organism from a single fertilized egg cell is a fas-
cinating process. To generate a complex organism such as the fruit fly Drosophila melanogaster tight
control mechanisms are needed. Establishing the overall body plan around major axes helps to govern
and control development. The organism, and by extension all major organs are organized by the same
coordinate system: anterior-posterior (A/P) and dorsal-ventral (D/V). In Drosophila melanogaster this
phenomenon has been extensively studied using the wing primordia as a model system. The so-called
wing imaginal disc is patterned along the anterior-posterior axis by restricted activity of the selector gene
engrailed (en), which is expressed only in posterior cells. Along the dorsal-ventral axis dorsal identity
is specified by the selector gene apterous, which is restricted to dorsal cells. In addition to these clas-
sical axes, the wing imaginal disc is further subdivided by non-classical boundaries. These boundaries
are often visible as morphological features such as tissue folds. A prominent example is the division
between future body wall and wing blade (B/W). Although the mechanism of compartment boundary
formation has been extensively studied genetically, much remains to be discovered. In particular, the role
of small molecules has not yet been investigated. In this work, we analyzed third instar wing imaginal
discs with time of flight secondary ion imaging mass spectrometry (ToF-SIMS-MSI) to reveal the spatial
distribution of small molecules on the tissue. Their co-localization to classical and non-classical com-
partments was verified with overlay images of green fluorescence-labeled (GFP) posterior compartment
or co-registration with morphological features. Coherent anti-stokes Raman spectroscopy was applied
to define the class of molecules observed. Unambiguous identification of molecules with distinctive spa-
tial distributions was achieved generating a lipid catalogue of the wing imaginal disc. Comparison of
the ToF-SIMS data with this catalogue and published literature lead to the identification of several
lipids. These may have a function in formation and maintenance of the compartment boundaries in
the wing imaginal disc. Additionally, two methods were developed to facilitate the interpretation of
distorted imaging mass spectrometry data sets. Multiple collaborations were set up to perform the ex-
periments herein: ToF-SIMS-MSI in positive and negative ion mode showed differential distribution of
small molecules on the wing imaginal disc Developing two image correction algorithms improved interpre-
tation of partially distorted data sets Co-localization of principle components (PCs) with GFP marked
compartments (hh-Gal4-UAS-CD8-GFP) and morphological features revealed that small molecules are
respecting classical and non-classical compartment boundaries Coherent anti-Stokes Raman Spectroscopy
(CARS) micro spectroscopy indicated that lipids are differentially distributed within the wing imaginal
disc with a relative higher content in the wing blade region compared to the body wall region Investigat-
ing the ToF-SIMS spectra allowed us to tentatively assign several diacylglycerols to be more abundant in
the wing blade region Generating lipid catalogues of wing imaginal discs enabled us to strengthen these
assignments Currently, we are in the process of further analyzing the wing imaginal disc with high end
imaging mass spectrometry tools, in order to validate our previous findings. The workflow in regard to
the results presented herein opens up an entire new field in developmental biology. Future research will
aim at clarifying the biological functions of molecules identified in this study. Zusammenfassung Die
Entstehung eines Lebewesens aus einer einzelnen befruchteten Eizelle ist ein faszinierender Prozess. Um
einen komplexen Organismus wie die Fruchtfliege Drosophila melanogaster zu generieren sind exakte Kon-
trollmechanismen nötig. Die Entwicklung des Körperplans mittels bedeutender Körperachsen hilft dabei
die Entstehung zu steuern und zu kontrollieren. Hauptsächlich werden hierbei die antero-posteriore und
dorsale-ventrale Achse unterschieden. Zusätzlich zum Gesamtorganismus sind die Hauptorgane ebenfalls
anhand desselben Koordinatensystems organisiert. In Drosophila melanogaster wurde dieses Phänomen
beispielsweise extensiv ausführlich am Vorläuferorgan des Flügels studiert. Die sogenannte Flügelimagi-
nalscheibe ist in der antero-posterioren Achse durch die selektive Expression des Selektorgens engrailed
strukturiert„ welches ausschliesslich in den posterioren Zellen exprimiert wird. In der dorso-ventralen
Achse ist das Selektorgen apterous für die Organisation der dorsalen und ventralen Zellen zuständig. Die
Expression von apterous ist hierbei ausschliesslich in dorsalen Zellen nachweisbar. Zusätzlich zu diesen
klassischen Kompartimentsgrenzen ist die Flügelimaginalscheibe durch nicht-klassische Grenzen substruk-
turiert. Diese nicht-klassischen Grenzen sind meist durch morphologische Merkmale, wie beispielsweise
Gewebefaltungen, sichtbar. Hierzu zählt vor allem die Unterteilung von zukünftigem Körpergewebe und
dem zukünftigen Flügelblatt (B/W). Die oben aufgeführten Beispiele verdeutlichen, dass zur Entstehung
von Kompartimentsgrenzen auf dem genetischen Level bereits viel erforscht wurde. Bisher wurde jedoch
der gesamte Fundus von niedermolekularen Stoffen nicht analysiert. Daher untersuchten wir in dieser
Arbeit mittels bildgebender Flugzeit sekundär Ionen Massenspektrometrie (ToF SIMS MSI), wie nieder-
molekulare Stoffe auf der Oberfläche der Flügelimaginalscheibe verteilt sind. Die Lokalisation entlang
der klassischen und nicht- klassischen Grenzen wurde durch das Überlappen von fluoreszenz-markiertem
posterioren Kompartiment und der Co-Registration anhand morphologischer Merkmale überprüft. Um
die Identität der niedermolekularen Stoffe weiter einzugrenzen, wurde kohärente anti- Stokes Raman-
Spektroskopie angewandt. Zur vorläufigen Identifikation der Stoffe, die lokal differentiell lokalisiert
sind, wurde ein Katalog von Lipiden der Flügelimaginalscheibe generiert. Dieser Katalog wurde dann
unter Einbezug der Literatur mit den ToF-SIMS MSI Daten verglichen. Zusätzlich wurden im Rahmen
dieser Arbeit zwei Algorithmen entwickelt, die Aussagekraft verzerrter Bilder verbessern. Durch mehrere
internationale Kooperationen konnten folgende Resultate erzielt werden: ToF-SIMS-MSI in positivem
und negativem Ionisationsmodus zeigte, dass niedermolekulare Stoffe differentiell auf der Flügelimagi-
nalscheibe verteilt sind Die Entwicklung zweier Bildkorrekturalgorithmen ermöglicht es partiell verzerrte
Bilder zu rekonstruieren und interpretieren Hauptkomponenten (PCs) wurden mit markierten Komparti-
menten (hh- Gal4-UAS-CD8-GFP) und morphologischen Merkmalen abgeglichen und konnten aufzeigen,
dass niedermolekulare Stoffe die klassischen und nicht-klassischen Grenzen respektieren. CARS spek-
trale Mikroskopie weist darauf hin, dass Lipide in unterschiedlicher Anzahl zwischen dem zukünftigen
Körpergewebe und dem Flügelblatt vorkommen. Bezeichnenderweise treten Lipide hierbei häufiger im
Flügelblatt auf. Analyse der ToF-SIMS Spektren in Kombination mit Literaturrecherche führte zur
Identifikation von unterschiedlichen Diacylglycerolen, die im Flügelblatt gehäuft auftreten Ein selbst er-
stellter Lipidkatalog der Flügelimaginalscheibe ermöglichte es uns die Identifikation der Diacylglycerole
zu verbessern. Mittels neuartigen bildgebenden massenspektrometrischen Methoden analysieren wir zur
Zeit Imaginalscheiben., um unsere Ergebnisse zu validieren. Der hier präsentierte Workflow in Bezug
auf die von uns erzielten Resultate eröffnet ein vollkommen neues Forschungsfeld in der Entwicklungs-
biologie. Die nachfolgende Herausforderung wird es nun sein, die biologischen Funktionen der von uns
identifizierten Moleküle herauszufinden
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Small molecule distributions in the Drosophila melanogaster wing imaginal disc 
revealed by ToF SIMS imaging mass spectrometry and CARS 
spectromicroscopy 
!A<076MC!J'/H-&2!6&H%)8s\!L-&2'1I&!W&B/"\=s\!?/2&'4!JC!Q,-%G"\!r-&/'-!L&/S\!L+H%!AC!X-`V+'"\!
^1V+!6&IF'++*+"t\!6-*IG&!A/22"\=\!XH-IG!AH122+H8\!c/2H&4!A&*'+H8o\!W/2!6CFC[++H+2"o!
!HH?E?I<?7:MC9
8$2*%-%1%+!/D!6/'+I1'&H!^-D+!QI-+2I+*\!N2-@+H*-%)!/D!f1H-IG\!_-2%+H%G1H+H*%H&**+!89<\!O[#
:<KM!f1H-IG\!Q(-%Y+H'&24!
"Jb6#F6b^J\!QI-+2I+!T&HV!8<S\!8<9:!rL!F,*%+H4&,\!PG+!5+%G+H'&24*!
=6&Z!T'&2IV!$2*%-%1%+!D/H!T/'),+H!W+*+&HIG\!FIV+H,&22(+B!8<\!KK8":!6&-2Y\!L+H,&2)!
S$2*%-%1%-/2&'! 6&**! Q.+I%H/,+%H)! ^&0/H&%/H)\! PG+! N2-@+H*-%)! /D! P+Z&*! [+&'%G! QI-+2I+!
O+2%+H!&%!Q&2!F2%/2-/\!:S<=!J'/)4!O1H'!?H-@+\!6O#MMR<!Q&2!F2%/2-/\!Pr\!NQF!
oO/HH+*./24+2I+!%/E!!HCG++H+2u&,/'DC2'\!V/2H&4C0&*'+Hu-,'*C1YGCIG!
tO1HH+2%!&44H+**+*E!LW\!^6\!Fc\!6A!
sF1%G/H*!I/2%H-01%+4!+]1&'')!%/!%G+!(/HV!
>:;9 );:<;:N;9 )AGGI6QC9[).+H! *.+I%H&'! -,&B-2B! %+IG2/'/B-+*! H+@+&'! %G+! -2%+H#/HB&2!
4-*%H-01%-/2!/D!*,&''!,/'+I1'+*9
! "9!
-:<67/AN<?7:9
9
^-@-2B! ,&%%+H! I/2*-*%*! /D! &! I/,.'+Z! &HH&2B+,+2%! /D! ,/'+I1'+*C! $%! -*! /2+! /D! %G+!
D124&,+2%&'!B/&'*!/D!0-/'/B)!%/!&2&')Y+\!4+*IH-0+!&24!1'%-,&%+')!124+H*%&24!%G+!*.&%-&'!
4-*%H-01%-/2!/D!0-/,/'+I1'+*!-2!H+'&%-/2!%/!0-/'/B-I&'!D12I%-/2C!$2!I/2%H&*%!%/!%G+!(+&'%G!
/D! V2/('+4B+! %G&%! G&*! 0++2! /0%&-2+4! &0/1%! %G+! I+''1'&H! &HH&2B+,+2%! /D! B+2+*\! %G+!
I/HH+*./24-2B! W5F*! &24! .H/%+/D/H,*\! %G+! /HB&2-Y&%-/2! &24! 4-*%H-01%-/2! /D! *,&''!
,/'+I1'+*! *1IG! &*! I&H0/G)4H&%+*! &24! '-.-4*! -*! '+**! (+''! 124+H*%//4C! PG-*! '&IV! -2! /1H!
V2/('+4B+! I&2! 0+! %H&I+4! %/! %G+! IG&''+2B+*! &**/I-&%+4! (-%G! %G+! '/I&'-Y&%-/2! /D! *,&''!
,/'+I1'+*! (-%G! G-BG! *.&%-&'! H+*/'1%-/2! &*\! D/H! -2*%&2I+\! D'1/H+*I+2%! '&0+'*! &H+!
.H/G-0-%-@+')! '&HB+C!W+I+2%! *%14-+*! -2! %G+!,/4+'! *)*%+,!?H/*/.G-'&!,+'&2/B&*%+H!G&@+!
4+*IH-0+4!&24!]1&2%-D-+4! '-.-4*!/@+H! %G+!I/1H*+!/D! -%*! '-D+!I)I'+C!F'%G/1BG!%G+*+!*%14-+*!
G&@+! .H/@-4+4! -,./H%&2%! -2*-BG%*\! 4+,/2*%H&%-2B! +CBC! %G&%! 4-DD+H+2%! %-**1+*! +ZG-0-%!
4-*%-2I%!phospholipid compositions!7@\!I>\!%G+!-2%H&#/HB&2!4-*%H-01%-/2!/D!*,&''!,/'+I1'+*!
G&*! 2/%! 0++2! H+./H%+4! %/! 4&%+C! Q1IG! -2*-BG%*! -2%/! %G+! 4+%&-'+4! *.&%-&'! 4-*%H-01%-/2! /D!
.H/%+-2*\! '-.-4*! &24! 21I'+-I! &I-4*! &H+! IH1I-&'! %/! 0+! &0'+! %/! H+'&%+! *.+I-D-I! ,/'+I1'&H!
,/-+%-+*!%/!*.+I-D-I!G&*!/D%+2!0++2!IH1I-&'!%/!.'&I+!%G+,!-2%/!%G+!&..H/.H-&%+!D12I%-/2&'!
I/2%+Z%! *%14)-2B! 4+@+'/.,+2%&'! .H/I+**+*! /H! 4-*+&*+! ,/4+'*\! D/H! -2*%&2I+! -2! *-,.'+!
/HB&2!*)*%+,*!*1IG!&*!%G+!-,&B-2&'!4-*I*!/D!?H/*/.G-'&!,+'&2/B&*%+HC!PG+!-,&B-2&'!4-*I!
-*!v0H-+D!4+*IH-.%-/2w!&24!I/2*%-%1%+*!&!(+''#*%14-+4!,/4+'!*)*%+,!D/H!v0H-+D!0&IVBH/124wC!
!
$2! %G-*! H+./H%! (+! H+@+&'! %G+! 4-*%H-01%-/2! /D! *,&''! ,/'+I1'+*! -2! %G+! ?H/*/.G-'&! (-2B!
-,&B-2&'! 4-*I\! 1*-2B! &! I/,0-2&%-/2! /D! P/J! Q$6Q! -,&B-2B! ,&**! *.+I%H/,+%H)! &24!
I/G+H+2%! &2%-#Q%/V+*! W&,&2! *.+I%H/*I/.)! 7OFWQ>! ,-IH/! *.+I%H/*I/.)C! PG+*+! %(/!
I/,.'+,+2%&H)\! '&0+'#DH++! %+IG2-]1+*! ,&V+! 1*+! /D! -2G+H+2%! .H/.+H%-+*! /D! *,&''!
,/'+I1'+*\! 2&,+')! %G+-H! ,&**! &24! %G+-H! @-0H&%-/2&'! .H/.+H%-+*C! _+! 4+,/2*%H&%+! %G&%!
*,&''! ,/'+I1'+*! *G/(! (+''#4+D-2+4! 4-*%H-01%-/2*! (-%G-2! %G-*! %-**1+C! Q%H-V-2B')\! %G+*+!
4-*%H-01%-/2*! *%H/2B')! H+*+,0'+!B+2+%-I&'')!+*%&0'-*G+4!.&%%+H2*!V2/(2! %/!0+!+**+2%-&'!
D/H!(-2B!4+@+'/.,+2%! &24!BH/(%GC!PG+! *.+I%H&'! I/,./2+2%*! DH/,!OFWQ! H+@+&'! &! '-.-4!
/H-B-2!D/H!*/,+!/D!%G+*+!,/'+I1'+*\!(G-IG!(+H+!I/2D-H,+4!0)!%G+!&**-B2,+2%!/D!%G+!P/J!
Q$6Q! ,&**! *.+I%H&! %/! 4-*%-2I%! 4-&I)'#! &24! %H-&I)'B')I+H/'! *.+I-+*C! _+! @&'-4&%+4! %G+!
&**-B2,+2%*! 1*-2B! &! H+D+H+2I+! I&%&'/B1+! /D! ,+,0H&2+! '-.-4*! B+2+H&%+4! DH/,! (-2B!
-,&B-2&'! 4-*I*C! PG+! 4-*I/@+H)! /D! H+B-/2&'! 4-DD+H+2I+*! H&-*+*! %G+! 2/%-/2! %G&%! *,&''!
,/'+I1'+*!.'&)!.H+@-/1*')!12H+I/B2-Y+4!H/'+*!-2!/HB&2!4+@+'/.,+2%C!
! =<!
!
(;MAE<MC9
P/! H+@+&'! %G+! 4-*%H-01%-/2! /D! *,&''! ,/'+I1'+*\! %G-H4! -2*%&H! (-2B! -,&B-2&'! 4-*I*! (+H+!
,+&*1H+4! (-%G! P/J! Q$6Q! -,&B-2B! ,&**! *.+I%H/,+%H)C! P/J! Q$6Q! (&*! D-H*%! &..'-+4! -2!
2+B&%-@+!-/2!,/4+!7A>C![/(+@+H\!(+!(+H+!12&0'+!%/!4+%+I%!*.+I-D-I!4-*%H-01%-/2!.&%%+H2*!
/D!*-2B'+!,/'+I1'+*!0)!12-@&H-&%+!4&%&!&2&')*-*!*%H&%+B-+*C!$%!G&*!0++2!*G/(2!.H+@-/1*')!
%G&%! %-**1+! *10%).+*! I&2! 0+! 4-*%-2B1-*G+4! 0&*+4! /2! %G+! .H/D-'+*! /D!,1'%-.'+!,/'+I1'+*!
H&%G+H! %G&2! /2! *-2B'+! ,/'+I1'+*! 7D>C! PG+H+D/H+\! (+! &..'-+4! &! ,1'%-@&H-&%+! *%&%-*%-I&'!
&2&')*-*! ,+%G/4! I&''+4! .H-2I-.&'! I/,./2+2%! &2&')*-*! 7TOF>! %/! &2&')Y+! %G+! P/J#Q$6Q!
4&%&! *+%*C! _+! -2@+*%-B&%+4! %G+! .H-2I-.'+! I/,./2+2%*! 7TO>! D/H! 4-*%H-01%-/2! .&%%+H2*C!
Q1H.H-*-2B')\! (+! -4+2%-D-+4! TO*! H+D'+I%-2B! 4-*%H-01%-/2*! H+,-2-*I+2%! /D! V2/(2!
4+@+'/.,+2%&'!.&%%+H2*! 7N;P>C!PG+!TO*! -4+2%-D-+4!4-*IH-,-2&%+!&2%+H-/H! DH/,!./*%+H-/H!
7FUT>!72?@T9BI>!&24!4/H*&'!DH/,!@+2%H&'!%-**1+!7?Ua>!72?@T9BK>\!H+*.+I%-@+')C!F44-%-/2&'')\!
.&%%+H2*!H+,-2-*I+2%!/D!%G+!0/4)!(&''#(-2B!0'&4+!4-DD+H+2%-&%-/2!7AU_>!72?@T9BN>!&24!%G+!
./1IGU2/2#./1IG!72?@T9B/>!.&%%+H2*!(+H+!/0*+H@+4C!T+HD/H,-2B!%G+!*&,+!(/HVD'/(!-2!
./*-%-@+!-/2!,/4+!(+!-4+2%-D-+4!/2')!%G+!AU_!4-*%H-01%-/2!72?@T9B;>C!_+!4-4!2/%!/0*+H@+!
&2)!/D! %G+!/%G+H!.&%%+H2*! *++2! -2!2+B&%-@+! -/2!,/4+C!W+,&HV&0')\!(+!4-4!2/%!/0*+H@+!
&2)!12V2/(2!.&%%+H2*!-2!&2)!/D!%G+!-/2-Y&%-/2!,/4+*C!F''!%G+!.H-2I-.'+!I/,./2+2%*!7TO>!
H+D'+I%+4!+-%G+H!V2/(2!.&%%+H2*!/H!G/,/B+2+/1*!4-*%H-01%-/2*!&IH/**!%G+!+2%-H+!%-**1+C!
!
! =8!
2?@T9 BC!)GIEE9G7E;NAE;9/?M<6?KA<?7:9 6;D;IE;/9KQ93729 )-1)9 ?GI@?:@9GIMM9 MF;N<67G;<6Q97:9
<0;9O?:@9 ?GI@?:IE9/?MN9I:/9N766;MF7:/?:@9@;:;<?NIEEQ9;M<IKE?M0;/9FI<<;6:MC!P/J!Q$6Q!$6Q!
&24!TOF!H+@+&'+4!.&%%+H2*!H+,-2-*I+2%!/D!%G+!I/,.&H%,+2%&'!FUT!7I>!&24!?Ua!7K>!*104-@-*-/2*C!
PG+!2/2#I'&**-I&'!I/,.&H%,+2%*!./1IGU2/2#./1IG!7N>!&24!0/4)#(&''U(-2B#0'&4+!7AU_>!4>!(+H+!
&'*/!4+%+I%+4C!F''!%G+*+!I/,.&H%,+2%*!(+H+!/2')!/0*+H@+4!-2!2+B&%-@+!-/2!,/4+C!$2!./*-%-@+!-/2!
,/4+!/2')!%G+!AU_!*104-@-*-/2!I/1'4!0+!/0*+H@+4!7;>C!
P/!D1H%G+H!@&'-4&%+!%G&%!%G+!TOF!/1%.1%*!H+D'+I%!%G+!V2/(2!I/,.&H%,+2%!0/124&H-+*\!(+!
-,&B+4! &! B+2+%-I&'')! ,/4-D-+4! 4-*I! +Z.H+**-2B! BH++2! D'1/H+*I+2%! .H/%+-2! 7LJT!
*.+I-D-I&'')! -2! %G+!./*%+H-/H!I/,.&H%,+2%!72?@T9 LI>C!b@+H'&)!/D! %G+!P/J!Q$6Q!TOF!72?@T9
LK>!/1%.1%!(-%G!%G+! D'1/H+*I+2%! -,&B+!H+@+&'+4!%G&%! %G+!*104-@-*-/2*!/0*+H@+4!0)!P/J!
Q$6Q!&H+!*-,-'&H!%/!%G+!I/,.&H%,+2%&'-Y&%-/2!+*%&0'-*G+4!0)!V2/(2!B+2+%-I!I-HI1-%*!72?@T9
LN>C!F44-%-/2&'')\!(+! I/,.&H+4! %G+!AU_!.&%%+H2!/D! %G+!P/J! Q$6Q!TOF! -,&B+!(-%G! %G+!
%/%&'!-/2!-,&B+!/D!%G+!,+&*1H+,+2%C!PG+!AU_!.&%%+H2!-*!,/H.G/'/B-I&'')!@-*-0'+!&*!&!D/'4!
&..+&H-2B!-2!'&%+!%G-H4!-2*%&H!*%&B+!72?@T9L/>i!&%!%G-*!D/'4!%G+!I/,.&H%,+2%!0/124&H)!-*!
+*%&0'-*G+4!7Q>C!F*!/1H!,+&*1H+,+2%*!%//V!.'&I+!124+H!G-BG!@&I11,!%G+!D/'4!+Z.&24*!%/!
&!IH&IV!&24!I&2!0+!-4+2%-D-+4!-2!%G+!%/%&'!-/2!-,&B+!72?@T9L;>C!PG-*!IH&IV!-*!+Z&I%')!(G+H+!
%G+!TOF!4-DD+H+2%-&%+*! 0+%(++2! %G+! %(/! *104-@-*-/2*! 72?@T9 LH>C! PG+*+! D-24-2B*! -24-I&%+!
%G&%! *,&''!,/'+I1'+*! &H+! 4-DD+H+2%-&'')! 4-*%H-01%+4! /2! %G+!(-2B! -,&B-2&'! 4-*I! &24!,&)!
I/2%H-01%+! %/! 4+@+'/.,+2%&'! .H/I+**+*! *1IG! &*! .&%%+H2! D/H,&%-/2! &24! I/,.&H%,+2%!
0/124&H)!,&-2%+2&2I+C!
!
! ="!
2?@T9LC!)GIEE9G7E;NAE;9FI<<;6:M9?/;:<?H?;/9KQ93729)-1)9?GI@?:@9GIMM9MF;N<67G;<6Q9G?G?N9
@;:;<?NIEEQ9 ;M<IKE?M0;/9 FI<<;6:MC! $2! /H4+H! %/! +Z&,-2+! (G+%G+H! %G+! &2%+H-/H#./*%+H-/H!
*104-@-*-/2! I/-2I-4+*! (-%G! %G+! I'&**-I&'! I/,.&H%,+2%! 0/124&H)! +*%&0'-*G+4! 0)! 4-DD+H+2%-&'!
+Z.H+**-/2! /D! "3=/&$-"#! 7"3>! &24! 0"#="0)=! 700>\! (+! B+2+H&%+4! D'1/H+*I+2%! -,&B+*! /D! -,&B-2&'!
4-*I*! +Z.H+**-2B!LJT!124+H! %G+! I/2%H/'! /D!00! 7T>! 7I>C! PG+!TO! H+.H+*+2%-2B! %G-*! *104-@-*-/2! 7K>!
(&*!%G+2!/@+H'&-4!(-%G!%G+!D'1/H+*I+2%!-,&B+!7N>C!_+!1*+4!%G+!D/'4!&..+&H-2B!-2!'&%+!%G-H4!-2*%&H!
7/U9 ;U9 H\! H+4! &HH/(*>! &*! &!,&HV+H! D/H! %G+! 2/2#I'&**-I&'! AU_!.&%%+H2! 7H>C! PG-*! D/'4! +Z.&24*! %/! &!
IH&IV!-2!%G+!G-BG!@&I11,!/D!%G+!-2*%H1,+2%!(-%G/1%!*+.&H&%-2B!%G+!%-**1+!7,\!H+4!&HH/(*>C!PG+!TO!
4-*%-2B1-*G-2B!0/4)!(&''!DH/,!(-2B#0'&4+!+Z&I%')!IG&2B+*!&%!%G-*!D/'4!72\!H+4!&HH/(*>C!PG1*\!0/%G!
0/124&H-+*!H+@+&'+4!0)!TO*!I/-2I-4+!(-%G!B+2+%-I&'')!+*%&0'-*G+4!0/124&H-+*C!
!
?1+! %/! %G+! I/,.'+Z-%)! /D! %G+! P/J! Q$6Q! *.+I%H&'! 4&%&! -%! (&*! 2/%! ./**-0'+! %/! D/I1*! %G+!
*10*+]1+2%! &2&')*-*! /2! &! .&H%-I1'&H! *10I'&**! /D! *,&''! ,/'+I1'+*! *1IG! &*! '-.-4*\!
I&H0/G)4H&%+*!/H!.+.%-4+*! V2?@T9 )BJC!F''! /D! %G+*+! I'&**+*!&H+! I/,./*+4!/D! &! @+H)! '&HB+!
21,0+H! /D! *-2B'+! ,/'+I1'+*C! PG+H+D/H+\! -%! -*! IH1I-&'! %/! -4+2%-D)! %G+! ,&-2! ,/'+I1'&H!
I'&**+*! I/2%H-01%-2B! %/! %G+! .&%%+H2*! /0*+H@+4! -2! %G+! TOF! /D! %G+! P/J! Q$6QC! PG+!
-,.'+,+2%&%-/2!/D!OFWQ!&24!%G+!IG+,-I&'!*.+I-D-I-%)!-%!.H/@-4+*!&''/(+4!1*!%/!&**-B2!%G+!
,/'+I1'&H!I'&**!%/!I+H%&-2!.&%%+H2*C!OFWQ!-*!&!2/2#-2@&*-@+!,-IH/*I/.)!&..H/&IG!(G+H+!
-,&B+! I/2%H&*%! -*! .H/@-4+4! 0)! ,/'+I1'&H! @-0H&%-/2*! %G&%! &H+! -2G+H+2%')! 4-DD+H+2%! D/H!
4-DD+H+2%! ,/'+I1'+*C! _+! &I]1-H+4! %G+! @-0H&%-/2&'! *-B2&%1H+*! /D! %G+! ,/'+I1'+*! 7-2! %G+!
DH+]1+2I)!H&2B+!I/HH+*./24-2B!%/!W&,&2!*G-D%*!DH/,!#="<<I,#8!%/!#9<<I,#8>!DH/,!'&%+!
%G-H4! -2*%&H!(-2B! -,&B-2&'! 4-*I*C! $2! %G+! D-2B+H.H-2%-2B! H+B-/2! 7#8:<<I,#8! %/! #9<<I,#8>\!
%G+!IG+,-I&'!,/-+%-+*!B-@-2B!H-*+!%/!*.+I-D-I!.+&V*!-*!'&HB+')!V2/(2!&24!I&2!0+!D/124!-2!
7@J>C!A+I&1*+!/D!-%*!-2G+H+2%!I/2D/I&'!-,.'+,+2%&%-/2\!OFWQ!,-IH/#*.+I%H/*I/.)!&''/(*!
%G+!B+2+H&%-/2!/D!=?!%/./'/B-I&'!,&.*!0&*+4\!D/H!-2*%&2I+\!/2!%G+!O#[!*%H+%IG-2B!H+B-/2!#
=<"<I,#8! %/! #":K<I,#8!V2?@T9 )LJC!PG-*!I&.&0-'-%)! -*! -,./H%&2%!&*! %G+!%/./BH&.G)!/D! %G+!
*&,.'+!I/1'4!'+&4!%/!&H%-D-I-&'!*.+I%H&'!D+&%1H+*!-2!P/J!Q$6Q!-,&B-2B!,&**!*.+I%H/,+%H)!
7@@>C!J1H%G+H\!(+!+2*1H+4!%G&%!%G+!*&,.'+!-2%+BH-%)!-*!,&-2%&-2+4!V2?@T9)LJC961'%-@&H-&%+!
*%&%-*%-I&'!&2&')*-*!7TOF>!(&*!&..'-+4!%/!*IH++2!D/H!.&%%+H2*!-2!%G+!OFWQ!4&%&*+%C!$2!%G+!
*+I/24! TO! (+! /0*+H@+4! &! I/,.&H%,+2%&'-Y&%-/2! *-,-'&H! %/! %G+! AU_! /0*+H@+4! -2! P/J!
Q$6Q!V2?@T95IJC!F.&H%!DH/,!%G-*\!(+!4-4!2/%!4+%+I%!&2)!/%G+H!V2/(2!/H!12V2/(2!.&%%+H2*!
*-,-'&H!%/!%G+!H+*1'%*!/0*+H@+4!-2!P/J!Q$6Q!-,&B-2B!,&**!*.+I%H/,+%H)C! $2!&!2+Z%!*%+.!
(+! .+HD/H,+4! I&2/2-I&'! IH/**! I/HH+'&%-/2! &2&')*-*! 7OOF>! %/! %+*%! G/(! %G+! 4-DD+H+2%!
.&%%+H2*!/0*+H@+4!(-%G!P/J!Q$6Q!-,&B-2B!,&**!*.+I%H/,+%H)!&24!OFWQ!/@+H'&.C!O'+&H')\!
%G+!AU_#'-V+! .&%%+H2! /0*+H@+4! &..')-2B! 0/%G!,+%G/4*! *G/(*! &! *-B2-D-I&2%! I/HH+'&%-/2!
*I/H+!V2?@T95NU9/9I:/93IKE;9BJC!PG1*\!%G+!IG+,-I&'!*-B2&%1H+!-2!%G+!OFWQ!TO!,&)!H+@+&'!
! ==!
%G+! ./%+2%-&'! IG+,-I&'! I/,./2+2%*! B-@-2B! H-*+! %/! %G+! .&%%+H2! /0*+H@+4! -2! P/J! Q$6QC!
PG+H+D/H+\!(+!G&@+!-2@+*%-B&%+4!%G+!*.+I%H&'!H+B-/2!/D!%G+!OFWQ!,+&*1H+,+2%!DH/,!%G+!
I/HH+'&%-2B!@&'1+!"!7Oa">!V2?@95KJT!
!
2?@T95C!'70;6;:<9I:<?8)<7W;M9(IGI:9MF;N<67MN7FQ9V'!()J96;D;IEM9I9E?F?/976?@?:9H769<0;9$"%9
FI<<;6:C!OFWQ!(&*!&..'-+4! %/! %+*%! -D!.&%%+H2*!/0*+H@+4!0)!P/J!Q$6Q!I&2!0+!H+.H/41I+4!&24!%/!
B&-2!D1H%G+H!V2/('+4B+!&0/1%!%G+!,/'+I1'+*! -2@/'@+4C!PG+!AU_!.&%%+H2!I/1'4!0+!4+,/2*%H&%+4!
(-%G!TOF!7IU9IXU9IXX>C!$2@+*%-B&%-/2!/D!%G+!2/H,&'-Y+4!*.+I%H&!H+@+&'+4!&!G-BG+H!I/2%+2%!/D!'-.-4*!-2!
%G+!(-2B!0'&4+!H+B-/2!7KU9KXJT9 $,&B+*!/D9(-2B!-,&B-2&'!4-*I*!(+H+!%G+2!&2&')Y+4!(-%G!0/%G!TOF!
&24! OOF! ,+%G/4*! &24! I&2/2-I&'! IH/**! I/HH+'&%-/2! (&*! &..'-+4! %/! %+*%! %G+! I/HH+'&%-/2! /D! %G+!
/0*+H@+4!.&%%+H2*!DH/,!P/J!Q$6Q!7N>99&24!OFWQ97NX9I:/93IKE;9B>C!
9
! =S!
3IKE;9 BT! O&2/2-I&'! IH/**! I/HH+'&%-/2! *I/H+*! D/H! .&%%+H2*! /0*+H@+4! -2! P/J! Q$6Q! &24! OFWQC!
O/HH+'&%-/2!(&*!+Z&,-2+4!(-%G!%(/!-24+.+24+2%!,+%G/4*\!0/%G!-24-I&%-2B!%G&%!%G+!D-H*%!%(/!Oa!
4/!*-B2-D-I&2%')!I/HH+'&%+C!
PG+!4-*.+H*-@+!O#[!D+&%1H+!&24!%G+!.G+2)'&'&2-2+!.+&V!&%!#8<<<I,#8!./-2%!%/!&!.H/%+-2!
4/,-2&2I+! D/H! %G+! 0/4)! (&''! .&H%\! (G+H+&*! %G+! *.+I%H&'! I/,./2+2%*! -24-I&%+! &!
4/,-2&2I+!/D!'-.-4*!-2!%G+!(-2B!0'&4+!*+I%-/2C!P/!%H)!%/!+'1I-4&%+!%G+!2&%1H+!/D!%G+!'-.-4*!
(+!-2@+*%-B&%+4!-2!,/H+!4+%&-'!%G+!TOF!I/,./2+2%*!&**/I-&%+4!(-%G!%G+!AU_!.&%%+H2C!$2!
-24+.+24+2%! P/J! Q$6Q! ,+&*1H+,+2%*! (+! I/1'4! 4+%+I%! %G+! *&,+! .&%%+H2! H+.+%-%-@+')!
72?@T9PU92?@T9)5>C!
!
2?@T9PC!(;F;<?<?D;9$"%9FI<<;6:97KM;6D;/9?:9F7M?<?D;9?7:9G7/;C!P/J!Q$6Q!&2&')*-*!/D!&!*+H-+*!/D!
'&%+!%G-H4!-2*%&H!(-2B!-,&B-2&'!4-*I*!H+@+&'+4!%G+!AU_!.&%%+H2!,1'%-.'+!%-,+*!-4+2%-D-+4!0)!TOFC!
A+*-4+*!%G+!*I/H+!.'/%!-,&B+*!%G+!*.+I%H&!H+*+,0'+!%G+!AU_!.&%%+H2!&*!(+''C!
!
_+!/0*+H@+4!&!G-BG')!H+.H/41I-0'+!.&%%+H2!/D!.+&V*C!A&*+4!/2!.H+@-/1*')!&**-B2+4!,UY!
@&'1+*! (+! -4+2%-D-+4! I+H%&-2! .+&V*! 1*-2B! %G+! *.+I%H&'! -2D/H,&%-/2! /D! %G+! ./*-%-@+! -/2!
,/4+! 72?@T9 R>! 7@I>C! PG-*! &..H/&IG! &''/(+4! 1*! %/! %+2%&%-@+')! &**-B2! ""! '-.-4*! %/! %G+!
I'&**+*! /D! ,/2/&I)'#! 76L>\! 4-&I)'#! 7?L>! &24! %H-&I)'B')I+H/'! 7PL>C! J1H%G+H\! -2! /H4+H! %/!
@&'-4&%+! %G+! -4+2%-D-I&%-/2! /D! %G+! P/J! Q$6Q! .+&V*!(+! .+HD/H,+4! /H%G/B/2&'! @&'-4&%-/2!
1*-2B!'-.-4!+Z%H&I%*!/D!%G+!(-2B!-,&B-2&'!4-*IC!PG-*!4&%&!*+%!(&*!1%-'-Y+4!&*!&!G-BG!,&**!
&II1H&I)!6Q! H+D+H+2I+! 4&%&! *+%! D/H! %-**1+! *.+I-D-I! '-.-4*! 7@A>C!_+! -4+2%-D-+4! 8KR! '-.-4!
*.+I-+*! (-%G! %(/! 4-*%-2I%! +Z%H&I%-/2! ,+%G/4*! 72?@T9 S9 Ii! D/H! 4+%&-'*! *++! 6&%+H-&'! &24!
6+%G/4*!*+I%-/2>!I/2%&-2-2B!,/*%!/D! %G+!,&`/H! '-.-4!I'&**+*!.H+@-/1*')!&**-B2+4!7@\!I>C!
bD!%G+!8KR!'-.-4!*.+I-+*!K!(+H+!6L\!""!?L!&24!8<!PLC!Q+@+2!*.+I-+*!(+H+!-4+2%-D-+4!0)!
/@+H'&.!/D!P/J!Q$6Q!&24!^O#6Q!,+%G/4*!V2?@T9SKU93IKE;9LJC! $%! -*!@+H)!'-V+')!%G&%!%G+*+!
*+@+2!'-.-4*!&H+!,/'+I1'&H!-/2*!/D!-2%&I%!6FL*\!?FL*!/H!PFL*C!
! =K!
!
2?@T9RC!3;:<I<?D;9IMM?@:G;:<M97H9F;IWM9H67G93729)-1)9G;IMA6;G;:<MC!P/!&**-B2!%G+!./%+2%-&'!
'-.-4! *.+I-+*! (+! 1*+4! &! H+I+2%')! .10'-*G+4! ,UY! I&%&'/B1+! (-%G! &**-B2+4! '-.-4*! 7@I>C! _+!
4-*I/@+H+4! %G&%!,/2/&I)'#\!4-&I)'#! &24! %H-&I)'B')I+H/'+*!&H+!/@+HH+.H+*+2%+4! -2! %G+!(-2B!0'&4+!
.&H%!/D!%G+!'/&4-2B*!*.+I%H&!70'1+!*.+I%H&'!.&H%!/D!%G+!'/&4-2B*!*.+I%H&>C!
PG+!,/*%!&0124&2%!'/&4-2B*!*.+I%H&!.+&V!/D!%G+!4&%&!*+%*!&I]1-H+4!0)!%G+!P/J!Q$6Q!-2!
%G+!./*-%-@+!-/2!,/4+!7KM=C=,UY>!(&*!D1H%G+H!@&'-4&%+4!0)!+Z&,-2&%-/2!/D!%G+!2+B&%-@+!
-/2!,/4+!'/&4-2B*!*.+I%H&!%/!4+I-.G+H!-%*!D&%%)!&I-4!IG&-2!'+2B%G*C!O'+&H')\!%G+!D&%%)!&I-4*!
O8RE8!&24!O8:E8!4/,-2&%+4!%G+!*.+I%H&!D/H!%G+!I/,./2+2%!/D!%G+!(-2B!0'&4+!H+B-/29V2?@T9
SN9 I:/9 /U9 3IKE;9 LJC! J1H%G+H,/H+\! %G+! '-.-4! I&%&'/B1+! I/2%&-2*! &! ?L! -4+2%-D-+4! &*! ?L!
7=SE">C!F44-%-/2&'')\!(+!1*+4!%G+!^O#6Q!4&%&*+%!&*!&!H+D+H+2I+!4&%&*+%!%/!IG+IV!(G+%G+H!
I+H%&-2! 6FL*\! ?FL*\! &24! PFL*! &H+! D/124! 0)! P/J! Q$6Q! 01%! 2/%! 0+-2B! 4-DD+H+2%-&'')!
4-*%H-01%+4C! JH/,! %G+! P/J! Q$6Q! 4&%&! (+! I/1'4! -4+2%-D)! D-@+! '-.-4*! D/124! -2! %G+! '-.-4!
I&%&'/B1+!V2?@T9)PJC!P&V+2!%/B+%G+H\!%G+!H+*1'%*!.H+*+2%+4!G+H+!'+&4!%/!&2!12&,0-B1/1*!
-4+2%-D-I&%-/2! /D! '-.-4*! 4-*%H-01%+4! -2! 4/,&-2*! 4+'-2+&%+4! 0)! B+2+%-I&'')! +*%&0'-*G+4!
I/,.&H%,+2%!0/124&H-+*!0)!P/J!Q$6Q!,&**!*.+I%H/,+%H-I!-,&B-2BC!
! =R!
9
9
2?@T9 SC! '7GFI6?M7:9 K;<O;;:9 3729 )-1)9 I::7<I<?7:9 I:/9 4'81)9 ?/;:<?H?;/9 E?F?/MC! ! A)! '-.-4!
+Z%H&I%-/2!&24!^O#6Q!&2&')*-*!(+!-4+2%-D-+4!8KR!'-.-4*!-2!%G+!(-2B!4-*I!7I>C!PG-H%)#*+@+2!/D!%G+,!
&H+!6FL*\!?FL*!/H!PFL*!7F\!H+4!/1%'-2+4!0/Z>C!$2!%G+!P/J!Q$6Q!*.+I%H&!(+!&**-B2+4!%/%&'')!""!6L\!
?L\!&24!PL!*.+I-+*!7K>C!Q+@+2!/D!%G+*+!(+H+!&'*/!-4+2%-D-+4!0)!%G+!^O#6Q!&..H/&IG!7K\!/@+H'&.>C!!
Q%H-V-2B')\!%G+!,/*%!&0124&2%!.+&V!/D!%G+!P/J!Q$6Q!*.+I%H&!7KM=C=,UY>!-*!/2+!/D!%G+!*+@+2!'-.-4*!
-4+2%-D-+4!I/2I1HH+2%')!0)!P/J!Q$6Q!&24!^O#6QC!PG+!-4+2%-%)!/D!%G-*!.+&V!/D!%G+!P/J!Q$6Q!*.+I%H&!
I/1'4!D1H%G+H!0+!@+H-D-+4!1*-2B!%G+!2+B&%-@+!-/2!,/4+!.&%%+H2!7N>C!PG+!%(/!,/*%!&0124&2%!D&%%)!
&I-4*! &H+! O8RE8! &24! O8:E8! 7/\! H+4! &HH/(*>C! O+H! q! O+H&,-4+\! 6L! q! ,/2&I)'B')I+H/'\! ?L! q!
4-&I)'B')I+H/'+\!PL!q!%H-&I)'B')I+H/'+\!TO!q!TG/*.G&%-4)'IG/'-2+\!TX!q!TG/*.G&%-4)'+%G&2/'&,-2+\!
TQ!q!TG/*.G&%-4)'*+H-2+\!Q6!q!Q.G-2B/,)+'-2!
9
! =M!
3IKE;9LT!4?M<97H9?/;:<?H?;/91!&MU9+!&MU9I:/93!&M9KQ93729)-1)9I:/94'81)C!PG+!I/'1,2*!*G/(!
%G+! '-.-4! I'&**\! ,&**! *.+I%H&! 7,UY>\! &441I%! &*! (+''! &*! %G+! ,/2/-*/%/.-I! ,&**! /D! +&IG! '-.-4!
-4+2%-D-+4C!l+''/(!G-BG'-BG%*!./-2%!/1%!'-.-4*!-4+2%-D-+4!0)!0/%G!P/J!Q$6Q!&24!^O#6Q!&..H/&IG+*!
I/2I1HH+2%')C!PG+!,/*%!&0124&2%!.+&V!/D!%G+!P/J!Q$6Q!'/&4-2B*!*.+I%H&!&'*/!-4+2%-D-+4!(-%G!^O#
6Q!-*!(H-%%+2!-2!0'1+!'+%%+H*T9
9
+?MNAMM?7:!
$2! %G-*! *%14)\! (+! &..'-+4! P/J! Q$6Q! -,&B-2B! ,&**! *.+I%H/,+%H)! %/! &2&')Y+! %G+!
4-*%H-01%-/2! /D! *,&''! ,/'+I1'+*! -2! %G+! (-2B! -,&B-2&'! 4-*I! /D! %G-H4! -2*%&H! !/);)<0$-&(
*"-&3)=&;'"/('&H@&+C!_+!4+,/2*%H&%+4!%G&%!*,&''!,/'+I1'+*!*G/(!4-*%H-01%-/2*!*-,-'&H!
%/! V2/(2! B+2+%-I! .&%%+H2*C! F..')-2B! =?! I/G+H+2%! &2%-#Q%/V+*! W&,&2! *.+I%H/*I/.)!
7OFWQ>!(+!&**+**+4! %G+! %-**1+! %/./BH&.G)!&24!IG+,-I&'! -2%+BH-%)!/D! %G+!*&,.'+C!PG1*\!
(+! H+@+&'+4! %G+!,/'+I1'&H!2&%1H+!/D! */,+!.+&V*!4+%+I%+4!0)!P/J!Q$6Q!IH+&%-2B! %G+*+!
.&%%+H2*!7@D>C!J/H!%G+!AU_!.&%%+H2\!OFWQ!I/2*%H&-2+4!%G+!P/J!Q$6Q!.+&V*!%/!0+! '-.-4*C!
[/(+@+H\! /H%G/B/2&'! %+IG2/'/B-+*! 2++4! %/! 0+! &..'-+4! -2! /H4+H! %/! 12&,0-B1/1*')!
-4+2%-D)!%G+!,/'+I1'+*!B-@-2B!H-*+!%/!%G+*+!.&%%+H2*!-2!%G+!P/J!Q$6Q!6Q$C!6&**!-*/'&%-/2!
/D! -,&B-2&'! 4-*I*! -2! I/,0-2&%-/2! (-%G! JFOQ! */H%-2B! /D! D'1/H+*I+2%')! '&0+'+4! I+''*! /D!
4-DD+H+2%!I/,.&H%,+2%*!D/''/(+4!0)!,&**!*.+I%H/,+%H-I! -2@+*%-B&%-/2!7+CBC!.H/%+/,-I*\!
'-.-4/,-I*>!-*!/2+!./**-0'+!&'%+H2&%-@+!,+%G/4C!J/H!%G+!AU_!.&%%+H2!(+!1*+4!.10'-*G+4!
4&%&!H+*/1HI+*!%/!&**-B2!'-.-4*!%/!%G+!,UY!@&'1+*!DH/,!%G+!AU_!.&%%+H2!D/124!-2!./*-%-@+!
-/2!,/4+C![/(+@+H!(G+%G+H!%G+!&**-B2+4!'-.-4*!&H+!DH/,!%G+!,/'+I1'&H!-/2!*%-''!2++4*!%/!
0+! @+H-D-+4C! F*! P/J! Q$6Q! I&2! '+&4! %/! DH&B,+2%&%-/2! /D! '-.-4*\! -%! -*! ./**-0'+! %G&%! %G+!
/0*+H@+4! ?FL*! &H+! DH&B,+2%*! /D! -2%&I%! PFL*! /H! .G/*.G/'-.-4*C! F%! %G+! ,/,+2%\! %G-*!
I&22/%!0+!D1'')!H+*/'@+4!&*!(+!D-24!0/%G!-2%&I%! '-.-4*!&24!?FL*!-2!%G+!^O#6Q!4&%&!(-%G!
! =:!
*-,-'&H!D&%%)!&I-4!IG&-2!'+2B%GC!A1%\!-2!%G+!P/J!Q$6Q!4&%&!*+%*!-2!2+B&%-@+!-/2!,/4+!(+!4/!
2/%!*++!%G+!G+&4!BH/1.!78:S,UY>!/D!%G+!./**-0'+!-2%&I%!'-.-4C!PG1*\!-%!-*!12'-V+')!%G&%!%G+!
.+&V!/D!%G+!?FL*!-*!H&%G+H!&!DH&B,+2%!%G+2!%G+!.+&V!DH/,!%G+!,/'+I1'&H!-/2C!
P/!&44H+**!&!./%+2%-&'!D12I%-/2!/D!%G+*+!'-.-4*!-2!.&%%+H2!D/H,&%-/2!&24!,&-2%+2&2I+!-%!-*!
IH1I-&'!%/!124+H*%&24!%G+-H!,+%&0/'-I!H/'+!&24!0-/IG+,-I&'!.H/.+H%-+*C!W+I+2%!'-.-4/,-I*!
*%14-+*! H+@+&'+4! */,+! *1H.H-*-2B! 4)2&,-I*! /D! ?FL*! &24! PFL*! 41H-2B! '&H@&'!
4+@+'/.,+2%C!$%!G&*!0++2!*G/(2!%G&%!?FL*!&24!PFL*!&H+!]1&2%-%&%-@+')!-2IH+&*-2B!-2!%G+!
(-2B!-,&B-2&'!4-*I!41H-2B!'&H@&'!4+@+'/.,+2%!H+&IG-2B!&!.+&V!&%!'&%+!%G-H4!-2*%&H!7@\!I>C!
PFL*!&H+!,&-2')!I/2*-4+H+4!*%/H&B+!'-.-4*!D/H!+2+HB)!@-&!x#/Z-4&%-/2!7@N\!@O>C![/(+@+H\!
PFL*! &H+! 2/%! 1*+4! &*! &2! +2+HB)! */1HI+! @-&! x#/Z-4&%-/2! 41H-2B! .1.&H&%-/2! &24!
,+%&,/H.G/*-*! 7@>C! PG-*! *%H/2B')! -24-I&%+*! %G&%! %G+! PFL*! G&@+! &! 4-DD+H+2%! D12I%-/2! -2!
-,&B-2&'!4-*I*C!$2!I/2%H&*%!%/!%G+!PFL*!%G+!?FL*!*G/(!4-DD+H+2%!4)2&,-I*!0&*+4!/2!%G+-H!
D&%%)! &I-4! 7JF>! IG&-2! '+2B%GC! 6+4-1,! JF! IG&-2! ?FL*! 4H&*%-I&'')! 4+IH+&*+! &%! %G+!
%H&2*-%-/2!DH/,!%G-H4! '&H@&'! -2*%&H!7^=>!%/!%G+!.1.&!*%&B+!(G+H+&*!%G+! '/2B!IG&-2!?FL*!
&H+!*%-''!]1&2%-%&%-@+')!-2IH+&*-2BC!PG-*!-24-I&%+*!%G&%!%G+!,+%&0/'-*,!/D!4-DD+H+2%!?FL*!-*!
-,./H%&2%! D/H! 4-*%-2I%! D12I%-/2*C! Q/,+! ?FL*! *+H@+! &*! *+I/24! ,+**+2B+H*! -2! *+@+H&'!
H+I+.%/H! *-B2&'! %H&2*41I%-/2*! @-&! %G+! G)4H/')*-*! /D! ,+,0H&2+! '-.-4*! -2%/! ?FL*! &24!
-2/*-%/'#=\S\K#%H-.G/*.G&%+! 7$T=>!0)! %G+!+2Y),+!.G/*.G/'-.&*+!O! 7T^O>C!PG+!B+2+H&%-/2!
/D! $T=! '+&4*! %/! &! H+'+&*+! /D! O&"m!DH/,! %G+! +24/.'&*,&%-I! H+%-I1'1,! 7XW>C! O&"m! %/B+%G+H!
(-%G! %G+!?L! *-B2&'-2B!.&%G(&)!B/@+H2*!.H/I+**+*! '-V+! I+''! 4-@-*-/2!&24!4-DD+H+2%-&%-/2!
7@P>C!F44-%-/2&'')\!.G/*.G/'-.&*+!?!7T^?>!&I%-@-%)!-*!V2/(2!%/!H+B1'&%+!I+''!BH/(%G!&24!
.H/'-D+H&%-/2! 1*-2B! W&D! &24! ,PbW! &*! ,+4-&%/H*! 7@Q>C! [/(+@+H\! -%! H+,&-2*! %/! 0+!
4+%+H,-2+4! (G&%! +Z&I%! ,+IG&2-*,! %G+*+! ?L! .&%G(&)*! &H+! I/2%H/''-2B! -2! ?H/*/.G-'&C!
F2/%G+H! (&)! ?FL*! ,-BG%! I/2%H-01%+! %/! I/,.&H%,+2%! 0/124&H)! D/H,&%-/2! &24!
,&-2%+2&2I+! -*! 0)! H+,/4+'-2B! %G+! ,+,0H&2+! -2! H+*./2*+! %/! +DD+I%/H! *-B2&'*C! $2! %G+!
-,,12+! *)*%+,! D/H! +Z&,.'+! *1II+**D1'! .G&B/I)%/*-*! H+]1-H+*! &I%-2! H+,/4+'-2B!0)!?L!
B+2+H&%-/2! 7@T>C! b%G+H! ,+IG&2-*,*! '+&4-2B! %/! *-,-'&H! ,+,0H&2+! H+,/4+'-2B! &24!
./'&H-Y&%-/2! &H+! -2! 4+%&-'! H+@-+(+4! -2! 7IJ>C! 6/H+/@+H\! -%! G&*! 0++2! 4+,/2*%H&%+4! %G&%!
?FL*! -2! I/,0-2&%-/2! (-%G! /%G+H! ,+,0H&2+! '-.-4*! -2! 4-*%-2I%! .H/./H%-/2*! G&@+! &2!
-,./H%&2%!D12I%-/2!-2!4+%+H,-2-2B!%G+!*%H1I%1H+!&24!4)2&,-I*!/D!0-/'/B-I&'!,+,0H&2+*!
7I@>C!J/H!+Z&,.'+\!%G+!,+,0H&2+!I/,./*-%-/2!/D!&!I+''!-*!-,./H%&2%!D/H!%G+!I1H@&%1H+!/D!
%G+!,+,0H&2+! -%*+'D!/2!&!*-2B'+!I+''! '+@+'!7II>C!^-V+(-*+\! -D! %G+!,+,0H&2+!I/,./*-%-/2!
G&*! &2! -2D'1+2I+!/2! %G+! I1H@&%1H+!/D! &! *-2B'+! I+''! -%! -*! .H/0&0'+! U!.H+*1,&0'+! %G&%! %G+!
,+,0H&2+! I/,./*-%-/2! /D! &! *10#%-**1+! H+B-/2\! &*! &! I/,.&H%,+2%\! ,&)! -2D'1+2I+! %G+!
%-**1+!I1H@&%1H+C!Q1IG!&!.G+2/,+2/2!,-BG%!0+!H+*./2*-0'+!D/H!%G+!B+2+H&%-/2!/D!%-**1+!
! =9!
D/'4*\! &24! /1H! 4&%&! *++,*! %/! 0+! I/2*-*%+2%! (-%G! %G-*! 2/%-/2! 72?@TB! &24! 2?@TL>C!
F'%+H2&%-@+')\!&2!/@+HH+.H+*+2%&%-/2!/D!?FL*! -2!/2+!I+''!./.1'&%-/2!,-BG%! -2IH+&*+!%G+!
I+''*!&DD-2-%)!%/!+&IG!/%G+H!&24!%G+H+0)!I/2%H-01%+!%/!%G+!*+BH+B&%-/2!/D!I+''*!/D!4-DD+H+2%!
./.1'&%-/2*C! 6/H+/@+H\! (+! G)./%G+*-Y+! %G&%! ?FL*! ,-BG%! &'*/! 0+! 4-DD+H+2%-&'')!
4-*%H-01%+4! -2! %G+! %(/! '+&D'+%*! /D! %G+! '-.-4! 0-'&)+H! &*! &! I/2*+]1+2I+! /D! %G+! -2IH+&*-2B!
%+2*-/2! B+2+H&%+4! 41H-2B! ,+%&,/H.G/*-*C! F%! '&*%\! %G+! -2%+H,+4-&%+! '/2B! IG&-2! ?FL*!
-4+2%-D-+4! -2! %G+! P/J! Q$6Q! 4&%&*+%*! I&2! &'*/! 0+! 1*+4! &*! 01-'4-2B! 0'/IV*! D/H! H&.-4!
*)2%G+*-*!/D!2+(!.G/*.G/'-.-4*C!F*!%G+!/HB&2-*,!124+HB/+*!%H+,+24/1*!IG&2B+!41H-2B!
.1.&%-/2\! -%! -*! '-V+')! %G&%! &2! +2/H,/1*! &,/12%! /D!,+,0H&2+*!,1*%! 0+! B+2+H&%+4! -2! &!
@+H)!*G/H%!%-,+C!PG+!D&I%!%G&%!(+!-4+2%-D-+4!'-.-4*!(-%G!%G+!*&,+!D&%%)!&I-4!IG&-2!'+2B%G!-2!
%G+!^O#6Q!&..H/&IG!&24!%G+!P/J!Q$6Q!4&%&*+%*!,&)!*1../H%!%G-*!%G+/H)C!5/2+%G+'+**\!-%!
H+,&-2*!%/!0+!4+%+H,-2+4!G/(!4-DD+H+2%! '-.-4!I/,./*-%-/2*!/D!I/,.&H%,+2%*! -2D'1+2I+!
4+@+'/.,+2%!&24!BH/(%G!/D!-,&B-2&'!4-*I*C!!
!
$2! %G-*! *%14)\! (+! &..'-+4! P/J! Q$6Q! -,&B-2B! ,&**! *.+I%H/,+%H)! %/! &2&')Y+! %G+!
4-*%H-01%-/2! /D! *,&''! ,/'+I1'+*! -2! %G+! (-2B! -,&B-2&'! 4-*I! /D! %G-H4! -2*%&H! !/);)<0$-&(
*"-&3)=&;'"/('&H@&+C!_+!4+,/2*%H&%+4!%G&%!*,&''!,/'+I1'+*!*G/(!4-*%H-01%-/2*!*-,-'&H!
%/!V2/(2!B+2+%-I!.&%%+H2*C!_+!*10,-%! %G&%!/1H!H+*1'%*!H&-*+! %G+! -,./H%&2%!]1+*%-/2!/D!
G/(! *,&''! ,/'+I1'+*! &H+! -2@/'@+4! -2! 4+@+'/.,+2%&'! .H/I+**+*! *1IG! &*! I/,.&H%,+2%!
0/124&H)!D/H,&%-/2!&24!,&-2%+2&2I+C!6/H+!-,./H%&2%')!G/(+@+H\!/1H!(/HVD'/(!*+H@+*!
&*!&!%+,.'&%+!D/H!4+%+H,-2-2B!G/(!*,&''!,/'+I1'+*!I&2!0+!*-,1'%&2+/1*')!4+*IH-0+4!-2!
*.&I+!&24!I/,./*-%-/2\!&!%+IG2-]1+!%G&%!I'/*+*!&!'/2B#*/1BG%#&D%+H!B&.!-2!+Z.+H-,+2%&'!
4+@+'/.,+2%&'!0-/'/B)C!
! !
! S<!
(;H;6;:N;M9I:/9=7<;MC9
1. X. Guan et al., Biochemical Membrane Lipidomics during Drosophila Development, Dev. Cell 24, 
98–111 (2013). 
2. M. Carvalho et al., Effects of diet and development on the Drosophila lipidome, Mol. Syst. Biol. 8, 
600 (2012). 
3. E. Amstalden van Hove, D. Smith, R. Heeren, A concise review of mass spectrometry imaging, J. 
Chromatogr. A 1217, 3946–4000 (2010). 
4. A. M. Hicks, C. J. DeLong, M. J. Thomas, M. Samuel, Z. Cui, Unique molecular signatures of 
glycerophospholipid species in different rat tissues analyzed by tandem mass spectrometry., Biochim. 
Biophys. Acta 1761, 1022–9 (2006). 
5. B. Tyler, G. Rayal, D. Castner, Multivariate analysis strategies for processing ToF-SIMS images of 
biomaterials., Biomaterials 28, 2412–2423 (2007). 
6. F. Bonnier, H. Byrne, Understanding the molecular information contained in principal component 
analysis of vibrational spectra of biological systems, Analyst (2011). 
7. G. Eijkel et al., Correlating MALDI and SIMS imaging mass spectrometric datasets of biological 
tissue surfaces, Surf. Interface Anal. 41, 675–1360 (2009). 
8. E. Villa-Cuesta, E. Gonzalez-Perez, J. Modolell, Apposition of iroquois expressing and non-
expressing cells leads to cell sorting and fold formation in the Drosophila imaginal wing disc, BMC 
Dev. Biol. 7, 106 (2007). 
9. I. Guillén et al., The function of engrailed and the specification of Drosophila wing pattern., 
Development 121, 3447–56 (1995). 
10. Z. Movasaghi, S. Rehman, I. U. Rehman, Raman Spectroscopy of Biological Tissues, Appl. 
Spectrosc. Rev. 42, 493–541 (2007). 
11. S. Rangarajan, B. J. Tyler, Topography in secondary ion mass spectroscopy images, J. Vac. Sci. 
Technol. A Vacuum, Surfaces, Film. 24, 1730–1736 (2006). 
12. M. Passarelli, N. Winograd, Lipid imaging with time-of-flight secondary ion mass spectrometry 
(ToF-SIMS), Biochim. Biophys. Acta 1811, 976–1066 (2011). 
13. X. Gao et al., A reversed-phase capillary ultra-performance liquid chromatography-mass 
spectrometry (UPLC-MS) method for comprehensive top-down/bottom-up lipid profiling, Anal. 
Bioanal. Chem. 402, 2923–2933 (2012). 
14. J. P. R. Day, G. Rago, K. F. Domke, K. P. Velikov, M. Bonn, Label-free imaging of lipophilic 
bioactive molecules during lipid digestion by multiplex coherent anti-Stokes Raman scattering 
microspectroscopy., J. Am. Chem. Soc. 132, 8433–9 (2010). 
15. R. A. Coleman, D. G. Mashek, Mammalian triacylglycerol metabolism: synthesis, lipolysis, and 
signaling., Chem. Rev. 111, 6359–86 (2011). 
16. K. Athenstaedt, G. Daum, The life cycle of neutral lipids: synthesis, storage and degradation., Cell. 
Mol. Life Sci. 63, 1355–69 (2006). 
17. T. K. Harden, J. Sondek, Regulation of phospholipase C isozymes by ras superfamily GTPases., 
Annu. Rev. Pharmacol. Toxicol. 46, 355–79 (2006). 
! S8!
18. M. N. Hodgkin et al., Diacylglycerols and phosphatidates: which molecular species are intracellular 
messengers?, Trends Biochem. Sci. 23, 200–4 (1998). 
19. C. C. Scott et al., Phosphatidylinositol-4,5-bisphosphate hydrolysis directs actin remodeling during 
phagocytosis., J. Cell Biol. 169, 139–49 (2005). 
20. M. Almena, I. Mérida, Shaping up the membrane: diacylglycerol coordinates spatial orientation of 
signaling, Trends Biochem. Sci. 36, 593–603 (2011). 
21. H. Sprong, P. van der Sluijs, G. van Meer, How proteins move lipids and lipids move proteins., Nat. 
Rev. Mol. Cell Biol. 2, 504–13 (2001). 
22. I. R. Cooke, M. Deserno, Coupling between lipid shape and membrane curvature., Biophys. J. 91, 
487–95 (2006). 
23. E. G. Bligh, W. J. Dyer, A RAPID METHOD OF TOTAL LIPID EXTRACTION AND 
PURIFICATION, Can. J. Biochem. Physiol. 37, 911–917 (1959).  
 
Acknowledgments: This project was in part financed with a grant from the Swiss 
SystemsX.ch initiative, grant IPP-2011/”Identification of Small Molecules Relevant 
for Patterning and Growth of the Wing Imaginal Disc Using High Resolution Mass 
Spectrometry” to EB, KB and RMAH. This work is part of the research program of 
the Stichting voor Fundamenteel Onderzoek der Materie (FOM), which is financially 
supported by the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO). 
We also thank the Kanton of Zurich and the Swiss National Science Foundation for 
support. 
!
!
9
9
9
9
9
9
! S"!
9
)AFFE;G;:<I6Q91I<;6?IEC9
!
2?@T9)BE!^/&4-2B*!*.+I%H&!/D!4-DD+H+2%!.&%%+H2*!/0*+H@+4!0)!P/J!Q$6QC!PG+!*.+I%H&!/D!%G+!
.&%%+H2!FUT!7I>\!?Ua!7K>\!./1IG#2/2!./1IG!7N>!&24!%G+!AU_!-2!2+B&%-@+!7/>!&24!./*-%-@+!
7;>!-/2!,/4+!H+*.+I%-@+')!&H+!4+.-I%+4!%/!&**-B2!%G+!.+&V*!%/!*,&''!,/'+I1'+*C!
!
!
2?@T9)LE!P-**1+!-2%+BH-%)!&24!=?!%/./BH&.G)!&**+**+4!(-%G!OFWQC!P(/!H+.H+*+2%&%-@+!Y#
*+I%-/2*!&H+!4+.-I%+4!-2!7I>!&24!7K>C!PG+!O[#*%H+%IG!&24!%G+!D-2B+H.H-2%!H+B-/2!-2!7N>!&H+!
-4+2%-I&'!(-%G!%G+!*.+I%H&!/0%&-2+4!-2!'-%+H&%1H+C!
!
!
2?@T9)5E!5+B&%-@+!-/2!,/4+!P/J!Q$6Q!TO!/1%.1%!/D!%G+!AU_!.&%%+H2!DH/,!%G+!*&,+!(-2B!
-,&B-2&'!4-*I*!&*!%G+!H+.+%-%-@+!,+&*1H+,+2%*!DH/,!2?@T9PC!5C4C!q!2/%!4+%+I%+499
!
! S=!
9
2?@T9 )PE! 6FL*\! ?FL*\! &24! PFL*! -4+2%-D-+4! 0)! 0/%G! P/J! Q$6Q! &24! ^O#6Q! &..H/&IG+*!
I/2I1HH+2%')!(G-IG!&H+!2/%!D/124!%/!0+!4-DD+H+2%-&'')!4-*%H-01%+4!-2!%G+!AU_!.&%%+H2C9
!
!
1I<;6?IE9I:/91;<07/M9
)IGFE;9F6;FI6I<?7:9
J/H!OFWQ!(-'4!%).+!)+''/(!(G-%+!7)(>!%G-H4!-2*%&H!'&H@&+!(+H+!1*+4C!J/H!Q$6Q!+-%G+H!)(!
*%H&-2y!/H!B+2+%-I&'')!,/4-D-+4!D'-+*!(+H+!1*+4!G&@-2B!%G+!D/''/(-2B!B+2/%).+E!)(!NFQ#
,O?:EELJT!G*.#D'.i!GG#L&'SUP6R0!v"RwC!
_-2B! -,&B-2&'!4-*I*!(+H+!,&21&'')!4-**+I%+4! -2! -I+!I/'4!TAQ!&24!4+G)4H&%+4! -2!&!8<Z!
TAQ!*/'1%-/2!7Q-B,&#F'4H-IG\!f(-`24H+IG%\!5^>!D/H!=<!,-2C!J/H!OFWQ!&24!Q$6Q!%G+!4-*I*!
(+H+! %G+2! ,/12%+4! /2! I/2@+2%-/2&'! ,-IH/*I/.)! I/@+H! *'-4+*! /H\! D/H! Q$6Q! /2')\! %G+)!
(+H+!,/12%+4! /2! I/241I%-@+! $Pb! *'-4+*C! 6/12%+4! 4-*I*! (+H+! (&*G+4!(-%G!6Q! BH&4+!
(&%+H!7Q-B,&#F'4H-IG\!f(-`24H+IG%\!5^>!%GH++!%-,+*!%/!H+,/@+!&44-%-/2&'!*&'%*C!J/H!OFWQ!
%G+!4-*I*!(+H+!4-H+I%')!&2&')Y+4!(-%G/1%!D1H%G+H!*&,.'+!.H+.&H&%-/2C!J/H!Q$6Q!%G+!4-*I*!
(+H+! I/@+H+4! (-%G! &! "2,! B/'4! '&)+H! 1*-2B! &! *.1%%+H! I/&%+H! 7z1/H1,*! P+IG2/'/B-+*!
QOMRS<\!5+(G&@+2\!Nc>!+]1-..+4!(-%G!&!JPMR<M!]1&H%Y!IH)*%&'!,-IH/0&'&2I+!*%&B+!&24!
&!JPMR9<!D-',!%G-IV2+**!,/2-%/HC!
!
!
! SS!
1?N67MN7FQ9
?-*I*!(+H+!-,&B+4!(-%G!&!^+-I&!?6Wr!7^+-I&\!_+%Y'&H\!L+H,&2)>!,-IH/*I/.+!+]1-..+4!
(-%G!&2!bQWF6![Ab!K<_U^"!*G/H%!&HI!,+HI1H)!'&,.!7b*H&,!FL\!6g2IG+2\!L+H,&2)>!
&%!8<Z!,&B2-D-I&%-/2C!
!
+I<I9INYA?M?<?7:9
)-1)91)-C9
Q$6Q! (&*! .+HD/H,+4! &! PW$.'+! J/I1*-2B! P-,+#/D#D'-BG%! -/2! ,-IH/*I/.+! 7PW$JP#$$>\! &!
TG)*-I&'!X'+I%H/2-I*!7T[$>!-2*%H1,+2%C!PG+!PW$JP#$$!,&**!*.+I%H/,+%+H!-*!+]1-..+4!(-%G!
&! B/'4! '-]1-4! ,+%&'! -/2! B12! 7^6$L>C! P(+2%)#%(/! V+a! F1m! .H-,&H)! -/2*! (+H+! ,-IH/!
D/I1*+4!/2!%G+!*&,.'+!*1HD&I+C!PG+!%/%&'!.H-,&H)! -/2!4/*+!4+2*-%)!&,/12%+4!(&*!V+.%!
(+''! 0+'/(! %G+! *%&%-I! '-,-%C! T/*-%-@+! /H! 2+B&%-@+! *+I/24&H)! -/2*!(+H+! +Z%H&I%+4! %/! %G+!
,&**! &2&')Y+H! (-%G! &! *%&%-I! @/'%&B+! /D! #Um! =CKVa! &24! ./*%! &II+'+H&%+4! -2! DH/2%! /D! %G+!
4+%+I%/H!741&'!*%&B+!6OT>!0)!&2!&44-%-/2&'!8<VaC!Q-B2&'!DH/,!-/2*!-2!%G+!,&**!H&2B+!8#
8K<<,UY!(&*!H+I/H4+4C!J1''!(-2B!4-*I*!(+H+!-,&B+4!*%+.#0)#*%+.!-2!&!,/*&-I!D/H,+4!0)!
:Z:!-24-@-41&'!%-'+*!0+%(++2!(G-IG!%G+!*%&B+!,/@+4C!X&IG!%-'+!/D!&0/1%!:<#9K{,!(-4%G!
(&*!.H/0+4!0)! %G+!.H-,&H)! -/2!0+&,! -2! &! "KR|"KR! H&*%+H! D/H! &! 41H&%-/2! /D! =<! *+I! %/!
+2*1H+! %G&%! %G+! %/%&'! -/2!4/*+!(&*!0+'/(! %G+! *%&%-I! '-,-%! /D! Q$6QC!PG+! H+*1'%-2B! -,&B+!
(&*!*&@+4!&*!&!WF_!D-'+!D/H!D1H%G+H!4&%&!.H/I+**-2BC!
!
'!()9MF;N<679G?N67MN7FQC9
F!41&'#/1%.1%!'&*+H!*/1HI+!7^+1V/*#OFWQ\!^+1V/*\!^-,/B+*\!JH&2I+>!.H/@-4+*!%G+!.1,.!
&24! Q%/V+*! 0+&,*C! PG+! */1HI+! -*! &! .&**-@+')! z#*(-%IG+4! 8<RS#2,! ,-IH/IG-.! '&*+H\!
4+'-@+H-2B!p!8#2*!.1'*+*!&%!="V[Y!H+.+%-%-/2!H&%+!&24!}=<<,_!&@+H&B+!./(+HC!PG+!'&*+H!
0+&,!-*!+]1&'')!4-@-4+4!-2%/!%(/!.&H%*!(-%G!&!0+&,!*.'-%%+HC!b2+!.&H%!-*!*+2%!%GH/1BG!&!
0&24.&**! D-'%+H! 7J^8<RS#8<\!PG/H'&0*>!&24!1*+4!4-H+I%')!&*! %G+!.1,.!0+&,C!PG+!/%G+H!
.&H%!-*!-2%H/41I+4!-2%/!&!.G/%/2-I!IH)*%&'!D-0+H!%G&%!IH+&%+*!*1.+H!I/2%-211,!+,-**-/2!/D!
S"<;"S<<2,! &%! %G+! D-0+H! /1%.1%\! (-%G! ~! 8<<{_! 2,8! *.+I%H&'! ./(+H! 4+2*-%)! DH/,!
8C<K{,! %/! 8CR{,C! PG+! *1.+HI/2%-211,! -*! I/1.'+4! /1%! /D! %G+! D-0+H! (-%G! &! H+D'+I%-@+!
I/''-,&%/H!7WO<SFTO#T<8\!PG/H'&0*>!&24!.&**+4!%GH/1BG!M<<#2,!7JX^<M<<\!PG/H'&0*>!
&24!:=<#2,! 7^T<"#:=<WQ#"K\! Q+,H/IV>! '/2B.&**! D-'%+H*C! PG+! Q%/V+*! &24!.1,.!0+&,*!
&H+!/@+H'&..+4!&%!&!4-IGH/-I!,-HH/H!7^T<"#8<RSWN#"K\!Q+,H/IV>!&24!-2%H/41I+4!-2%/!&!
,/4-D-+4! -2@+H%+4!,-IH/*I/.+! 7XI'-.*+! P-#N\! 5-V/2>C! PG+! .1,.! &24! Q%/V+*! .1'*+*! &H+!
! SK!
%-BG%')!D/I1*+4!/2%/!%G+!*&,.'+!(-%G!&!2+&H!$W!/0`+I%-@+!7TX!$W!T'&2!F./!8<<r\!5F!<CMK\!
Q+-(&>C!PG+!*&,.'+! -*!,/12%+4!/2!2+*%+4!*%+..+H#,/%/H#4H-@+2!76-IH/*%&B+\!6&4!O-%)!
^&0*>!&24!.-+Y/#4H-@+2!*%&B+*!75&2/#T?z!=MK![Q\!6&4!O-%)!^&0*>!%G&%!%/B+%G+H!.H/@-4+!
"K,,!%H&@+'!H&2B+!(-%G!p!8#2,!H+*/'1%-/2C!PG+!OFWQ!*-B2&'!B+2+H&%+4!0)!%G+!*&,.'+!-*!
I/''+I%+4! -2! %G+! D/H(&H4!4-H+I%-/2!0)!&2/%G+H!/0`+I%-@+! 76#"<r\!5F!<CS\!5+(./H%>! &24!
*+2%! %GH/1BG! 2/%IG! 75J<=#K="U8<RSX#"K\! Q+,H/IV>! &24! *G/H%#.&**! D-'%+H*! 7JXQ8<<<\!
PG/H'&0*>!%/!H+,/@+!%G+!.1,.!&24!Q%/V+*!0+&,*C!PG+!D-'%+H+4!OFWQ!0+&,!-*!4-*.+H*+4!
0)! &! *.+I%H/,+%+H! 7QG&,H/IV! =<=-\! =<<! '-2+*! ,,8\! 8<<<#2,! 0'&Y+\! F24/H>! &24!
4+%+I%+4! /2! &! 4++.#4+.'+%-/2! OO?! 75+(%/2! ?N9"<T#AW#??\! F24/H>C! PG+! *&,.'+! -*!
H&*%+H!*I&22+4!&IH/**!%G+!D/I&'!@/'1,+!(-%G!*%+.*!/D!8{,!-2!.'&2+!&24!"{,!&Z-&'')C!?1+!
%/! %G+! '&HB+! 4-,+2*-/2! /D! %G+! (-2B! 4-*I\! '&HB+! %GH++#4-,+2*-/2&'! -,&B+*! &H+!
H+I/2*%H1I%+4! DH/,! &4`&I+2%! %-'+*! (-%G! -2#.'&2+! 4-,+2*-/2! /D! MKZMK{,! /H! K<ZK<{,!
7*.+I-D-+4!D/H!+&IG!,+&*1H+,+2%!-2!%G+!,&21*IH-.%>!&24!&Z-&'!4-,+2*-/2!4+%+H,-2+4!0)!
%G+!%G-IV2+**!/D!%G+!(-2B!4-*IC!J/H!+&IG!./*-%-/2!-2!%G+!*&,.'+\!&!OFWQ!*.+I%H1,!-2!%G+!
H&2B+!0+%(++2!#=S<<!&24!#R<<I,#8! -*!&I]1-H+4C!OFWQ!-,&B+*!(+H+!&I]1-H+4!(-%G!.-Z+'!
4(+''!%-,+*!/D!K<,*C9
!
+I<I9I:IEQM?M9
)-1)91)-9/I<IC9
PG+! PW$JP! &**/I-&%+4! */D%(&H+! _-2O&4+2I+! 7@SCS! TG)*-I&'! X'+I%H/2-I*\! OG&2G&**&2\!
NQF>!(&*!1*+4!%/!.-IV!.+&V*!/2!%G+!%/%&'!&@+H&B+!,&**!*.+I%H1,!&24!.H/41I+!,&21&'')!
,&**!*+'+I%+4! -/2! -,&B+*!/D! %G+!(-2B!4-*I*C!WF_!-,&B+*!(+H+!I/2@+H%+4! %/!4&%&I10+*!
(-%G! %G+! 6QP//'*! */D%(&H+! *1-%+! 4+@+'/.+4! &%! F6b^J! 7G%%.EUU(((C,&'4-#,*-C/HB\! -2!
-,Y6^! U! Q/D%(&H+! P//'*>C! PG+! 4&%&I10+! D/H,&%! +2&0'+*! 4-H+I%! /0*+H@&%-/2! /D! ,&**!
*+'+I%+4!-,&B+*!(G-'+!0H/(*-2B!%GH/1BG!,UY!@&'1+*\!&24!.+H,-%*!D&*%!H+B-/2#/D#-2%+H+*%!
7Wb$>! *+'+I%-/2! &II/,.&2-+4! 0)! I/,.&H-*/2! 0+%(++2! Wb$! &@+H&B+! ,&**! *.+I%H&C! J/H!
.H-2I-.'+! I/,./2+2%! &2&')*-*! %G+!6&%'&0! 0&*+4! IG+,/,+%H-IV*! */D%(&H+! .&IV&B+!(&*!
1*+4! &*! .H+@-/1*')! 4+*IH-0+4C! AH-+D')\! H&(! D-'+*! (+H+! D-H*%! I/2@+H%+4! %/! 8Z8! .-Z+'!
-2%/!C,&%!D-'+!D/H,&%*!%/!B+2+H&%+!&2!&@+H&B+!*.+I%H1,!(-%G!&!,&**!H+*/'1%-/2!/D!<C8?&!
D/H! %G+!+2%-H+!(-2B!4-*IC!PG+!&@+H&B+!,&**!*.+I%H1,!(&*!.+&V!.-IV+4!&24!&0/1%!8<<<!
.+&V*!(+H+!*%/H+4!D/H!+@+H)!4&%&*+%C!PG+!.+&V!'-*%!%/B+%G+H!(-%G!%G+!-2-%-&'!WF_!D-'+!(&*!
H+I/2@+H%+4! (-%G! RSZRS! .-Z+'! *.&%-&'! H+*/'1%-/2! D/H! .H-2I-.'+! I/,./2+2%! &2&')*-*C!
b1%.1%!/D!%G+!PW$JP%H-IV*!*/D%(&H+!(&*!,&21&'')!-2@+*%-B&%+4!D/H!.&%%+H2*!H+,-2-*I+2%!
/D!124+H')-2B!0-/'/B-I&'!V2/('+4B+C!T&%%+H2*!I'&**-D-+4!&*!-2%+H+*%-2B!(+H+!4-*.'&)+4!-2!
D&'*+!I/'/H!-,&B+*C!
! SR!
!
'!()9/I<IC9
PG+! ]1&2%-%&%-@+! -2D/H,&%-/2! I/2%&-2+4! -2! %G+! @-0H&%-/2&'! H+*/2&2%! %+H,! /D! %G+! OFWQ!
*.+I%H&! -*! G-44+2! 0)! %G+! I/2@/'1%-/2! (-%G! &! 2/2#H+*/2&2%! %+H,! &H-*-2B! DH/,! %G+!
+'+I%H/2-I! H+*./2*+! /D! %G+! ,&%+H-&'C! PG+! -,&B-2&H)! .&H%! /D! %G+! %G-H4#/H4+H! 2/2'-2+&H!
*1*I+.%-0-'-%)\! $,vI7=>w\! -*! H+%H-+@+4! DH/,! %G+! H&(! OFWQ! *.+I%H&! 0)! %G+! ,&Z-,1,!
+2%H/.)!,+%G/4! 76X6>\! &*! 4+*IH-0+4! +'*+(G+H+! v""wC! $,vI7=>w! *.+I%H&\! H+D+HH+4! %/! &*!
H+%H-+@+4!OFWQ!*.+I%H&! \!&H+!4-H+I%')!I/,.&H&0'+!%/!*./2%&2+/1*!W&,&2!*.+I%H&C!PG1*\!
%G+! .+&V! &,.'-%14+! /H! -2%+BH&%+4! -2%+2*-%-+*! &H+! .H/./H%-/2&'! %/! %G+! 21,0+H! /D!
*I&%%+H+H*!-2!%G+!D/I&'!@/'1,+C!
!
#6?:N?FIE9'7GF7:;:<9!:IEQM?M9
TOF! -*!&!,&%G+,&%-I&'! %+IG2-]1+!%G&%!4+*IH-0+*! %G+!,&Z-,1,!&,/12%!/D!@&H-&2I+! -2!&!
,-2-,&'!&,/12%!/D!D12I%-/2*\!%G+!TO*C!PG+*+!TO*!&H+!'-2+&H!I/,0-2&%-/2*!/D!%G+!/H-B-2&'!
@&H-&0'+*! 7-2! %G-*! I&*+! ,UY! IG&22+'*! D/H! Q$6Q! &24! (&@+! 21,0+H*! D/H! OFWQ>C! PG+!
I/HH+'&%-/2!0+%(++2!+&IG!/D!%G+!/H-B-2&'!@&H-&0'+*!&24!%G+!I&'I1'&%+4!TO*!-*!B-@+2!0)!%G+!
TO! '/&4-2BC! F! .'/%%+4! @+H*-/2! /D! &''! '/&4-2B*! D/H! &! B-@+2! TO! -*! /D%+2! 1*+4! &*! BH&.G-I&'!
H+.H+*+2%&%-/2!/D!%G&%!TO\!%G+!'/&4-2B!*.+I%H1,C!A)!I&'I1'&%-2B!%G+!.H/`+I%-/2!/D!+&IG!/D!
%G+!/H-B-2&'!*.+I%H&!/2!%G+!TO!(+!/0%&-2!TO!*I/H+*C!PG+!*I/H+*!&H+!1*+4!D/H!IH+&%-2B!&!TO!
*I/H+! -,&B+C! TOF! %).-I&'')! H+41I+*! %G+! 21,0+H! /D! @&H-&0'+*! -2! &! 4&%&! *+%! %/! &! '-,-%+4!
21,0+H!/D!TO*!%G&%!I/2%&-2!%G+!,&`/H!.&H%!/D!%G+!@&H-&2I+!-2!%G+!4&%&C!PG+!I&'I1'&%+4!TO*!
&H+! H&2V+4!0&*+4!/2! %G+-H! %/%&'! '+2B%G\! %G+-H!X-B+2@&'1+! 7Xa>C!PG+!21,0+H!/D! H+'+@&2%!
TO*! -*! 4+%+H,-2+4! 0)! 1*-2B!,+%G/4*! &*! %G+! H+,/@&'! /D! TO*!(-%G! Xa*! '+**! %G&2! 8v="w\!
1*-2B!+-%G+H!&!QIH++!.'/%! v==w!/H! IG//*-2B! %G+!2!G-BG+*%! H&2V+4!TO*! %G&%!&II/12%! D/H!&!
I+H%&-2! .+HI+2%&B+! /D! %G+! %/%&'! @&H-&2I+C! TOF! -*! &! @+H)! +DD-I-+2%! 4&%&! I/,.H+**-/2!
%+IG2-]1+! &*! (+''! &*! &! 2/-*+! H+41I%-/2! %+IG2-]1+! *-2I+! 2/-*+! -2! %G+! 4&%&! (-''! 0+!
12I/HH+'&%+4C! N2I/HH+'&%+4! *-B2&'*! I/2%&-2! @+H)! '-%%'+! @&H-&2I+! &24! %G1*! (-''! 0+!
4+*IH-0+4!-2!%G+!'/(+H!H&2V+4!TO*C!W+,/@&'!/D!%G+*+!'/(+H!H&2V+4!TO*!1*-2B!/2+!/D!%G+!
,+%G/4*!&0/@+#,+2%-/2+4!(-''!H+*1'%!-2!&!*,&''+H!H+I/2*%H1I%+4!4&%&*+%!I/2%&-2-2B!'+**!
@&H-&0'+*!&24!'+**!2/-*+C!
!
!
!
! SM!
'I:7:?NIE9'766;EI<?7:9!:IEQM?M99
OOF!-*!&!,&%G+,&%-I&'!%+IG2-]1+!%G&%!4+%+H,-2+*!%G+!H+'&%-/2*G-.!0+%(++2!%(/!*+.&H&%+!
*+%*!/D!@&H-&0'+*C!PG+!TO!*I/H+!,&%H-I+*! DH/,!0/%G!4&%&*+%*!&H+!1*+4! %/!I&'I1'&%+! %G+-H!
IH/**#I/@&H-&2I+! ,&%H-ZC! F! TOF! -*! .+HD/H,+4! /2! %G-*! IH/**#I/@&H-&2I+! ,&%H-ZC! PG-*!
H+*1'%*!-2!&!2+(!*+%!/D!-24+.+24+2%!'-2+&H!I/,0-2&%-/2*!/D!%G+!/H-B-2&'!@&H-&0'+*!7-2!%G-*!
I&*+! 0+-2B! TO! *I/H+*>\! %G+! O&2/2-I&'! a&H-&%+*C! ! PG+! O&2/2-I&'! a&H-&%+*! H+.H+*+2%! %G+!
I/,,/2! 4&%&! *.&I+! D/H! 0/%G! 4&%&*+%*C! PG1*\! (+! I&2! I&'I1'&%+! %G+! *I/H+*! D/H! 0/%G!
4&%&*+%*! -2! %G+! *&,+! 4&%&! *.&I+! &24! 4-H+I%')! I/,.&H+! %G+! *I/H+*! 0)! I&'I1'&%-2B! %G+!
I/HH+'&%-/2C! Q.&%-&'! 0-22-2B! /D! %G+! 4&%&! (&*! 2+I+**&H)! %/! -2IH+&*+! %G+! *-B2&'! %/! 2/-*+!
H&%-/!&24!%/!H+41I+!I/,.1%+H!,+,/H)!H+]1-H+,+2%*C!!
!
)-1)9
PG+!Q$6Q!T[$!WF_!4&%&!D/H,&%!(&*!I/2@+H%+4!%/!6&%'&0UOG+,/,+PH-IV*!D/H,&%!1*-2B!
%G+! -2#G/1*+!01-'%!*-,*"%H-IV*!*/D%(&H+C!T+&V!.-IV-2B!(&*!.+HD/H,+4!/2!%G+!Q$6Q!4&%&!
1*-2B!%G+!TXFT$!&'B/H-%G,C!
!
'!()9
PG+!OFWQ!4&%&!(+H+!+Z./H%+4!DH/,!%G+!&2&')*-*!*/D%(&H+!$B/H!TH/!&*!%+Z%!4&%&C!PG+!%+Z%!
4&%&! (&*! I/2@+H%+4! %/! 6&%'&0UOG+,/,+PH-IV*! 4&%&! D/H,&%! 1*-2B! %G+! -2#G/1*+!
4+@+'/.+4!OFWQ"PH-IV*!*/D%(&H+C!PG+!*+.&H&%+!OFWQ!,+&*1H+,+2%!%-'+*!(G+H+!*%-%IG+4!
1*-2B!%G+!-2#G/1*+!4+@+'/.+4!Q%-%IGOFWQ!*/D%(&H+C!!
!
!
+I<I9/;F<09IE?@:G;:<9
Q%&%-I!Q$6Q!,+&*1H+,+2%*!-,&B+!%G+!%/.,/*%!'&)+H!/D!%G+!*&,.'+\!-24+.+24+2%!/D!*'-BG%!
4-DD+H+2I+*! -2! G+-BG%! &%! %G+! *&,.'+! *1HD&I+C! O/2D/I&'! OFWQ! ,+&*1H+,+2%*\! G/(+@+H\!
-,&B+! &! D/I&'! .'&2+! -24+.+24+2%! /D! 4-DD+H+2I+*! -2! *1HD&I+! G+-BG%! 72?@T9 B>C! $2! /H4+H! %/!
IH+&%+! 4&%&! *+%*! %G&%! H+D'+I%! -2D/H,&%-/2! DH/,! *-,-'&H! G+-BG%! H+B-/2*! &*! .H+I-*+! &*!
./**-0'+\! D-@+!OFWQ!4+.%G! *'-I+*!(+H+!1*+4C!bD! +&IG! *10*+]1+2%!OFWQ! '&)+H! *%&H%-2B! &%!
<,,!(-%G! &! ",,! *%+.! *-Y+\! %G+! *.+I%H&!(-%G! &! *1,,+4! -2%+2*-%)! *-B2-D-I&2%')! G-BG+H!
%G&2!%G+!0&IVBH/124!*-B2&'!(G+H+!*%/H+4C!O/,0-2&%-/2!/D! %G+*+!4&%&! DH/,!%G+!4++.+*%!
'+@+'!1.!%/!%G+!G-BG+*%! '+@+'!.H/41I+4!%G+!OFWQ!4&%&*+%!%G&%!(&*!1*+4!D/H!%G+!TOF!&24!
OOF!&2&')*-*C!
! S:!
!
+I<I9MFI<?IE9IE?@:G;:<9
P/!0+!&0'+!%/!.+HD/H,!OOF!/2!%G+!4&%&\!%G+*+!4&%&!,1*%!0+!*.&%-&'')!&'-B2+4!&*!/.%-,&'!&*!
./**-0'+C!PG+H+D/H+\! %G+!Q$6Q!4&%&!(+H+! %H&2*'&%+4\! H/%&%+4\! &24!*I&'+4!1*-2B!6FP^FA!
%//'*! %/!/0%&-2!,&Z-,1,!/@+H'&.!(-%G! %G+!OFWQ!4&%&*+%C!PG+! D-2&'!4&%&#.H+.H/I+**-2B!
*%+.!-2@/'@+4!%G+!*+'+I%-/2!/D!%G+!/2#%-**1+!.-Z+'!0&*+4!/2!%G+!%/%&'!-2%+2*-%)!/0%&-2+4!0)!
%G+! OFWQ!,+&*1H+,+2%C! F''! *-B2&'*! /H-B-2&%-2B! /1%*-4+! %G+! %-**1+!(+H+! H+,/@+4! DH/,!
%G+!4&%&!*+%*C!
4?F?/9I:IEQM?M9KQ9Z#4'8;E;N<67MF6IQ9?7:?[I<?7:9<I:/;G9GIMM9MF;N<67G;<6Q9VZ#4'8
,)-9
1)"1)J9
PG-H4! -2*%&H! (-2B! -,&B-2&'! 4-*I! (+H+! I/''+I%+4! 1*-2B! %G+! ,&**! -*/'&%-/2! &..H/&IG!
4+@+'/.+4! -2! G/1*+! 712.10'-*G+4! 4&%&>C! FH/124! 8<<<! -24-@-41&'! 4-*I*! (+H+! 1*+4! .+H!
H+.'-I&%+C! ^-.-4*! (+H+! +Z%H&I%+4! 1*-2B! ,/4-D-+4! A'-BG! &24! ?)+H! ,+%G/4! 7IA>C! ! PG+!
+Z%H&I%*!(+H+! H+,/@+4\!4H-+4! -2!@&I1/!&24! H+I/2*%-%1%+4! -2! -*/.H/.&2/'!0+D/H+![T^O#
+'+I%H/*.H&)! -/2-Y&%-/2! %&24+,! ,&**! *.+I%H/,+%H)! 7[T^O#XQ$#6QU6Q>C! [T^O#XQ$#
6QU6Q! &2&')*+*! (+H+! I/241I%+4! /2! &! PG+H,/! J-*G+H! z! XZ&I%-@+! ,&**! *.+I%H/,+%+H!
7Q&2!/*+\!OF>!(-%G!/2#'-2+!*+.&H&%-/2!1*-2B!&!PG+H,/!J-*G+HU?-/2+Z!WQ^O!2&2/![T^OC!
[T^O! I/24-%-/2*! (+H+E! F%'&2%-*! 4O8:\! =! ,\! =<<! ,! Z! 8K<! ,,! I/'1,2! 7_&%+H*!
O/H./H&%-/2\!6&**&IG1*+%%*>i!,/0-'+!.G&*+!F\!&I+%/2-%H-'+U(&%+H!7S<ER<>!I/2%&-2-2B!8<!
,6!&,,/2-1,!&I+%&%+i!,/0-'+!.G&*+!A\!&I+%/2-%H-'+U-*/.H/.&2/'!78<E9<>!I/2%&-2-2B!8<!
,6!&,,/2-1,!&I+%&%+i! D'/(! H&%+\! R! 'U,-2i! BH&4-+2%\! 8<!n!A! %/! R<!n!A! /@+H! K!,-2\!
R<!n!A!%/!99!n!A!/@+H!=K!,-2!&24!G+'4!&%!99!n!A!D/H!8<!,-2C!?&%&#4+.+24+2%!%&24+,#
6Q!*I&2*!(+H+!.+HD/H,+4!1*-2B!/2+! D1''!6Q! *I&2! v,UY!"<<!;!"<<<i!M<\<<<! H+*/'1%-/2!
7,UY!=<<>w!D/''/(+4!0)!DH&B,+2%&%-/2!-2!%G+![O?!I/''-*-/2!I+''!/D!%G+!*-Z!,/*%!&0124&2%!
-/2*! -2! %G+! .H+I1H*/H! *I&2! 1*-2B! &! 2/H,&'-Y+4! I/''-*-/2! +2+HB)! 75OX>! /D! =K! &H0-%H&H)!
12-%*! &24!,&**! &2&')*-*! -2! %G+! /H0-%H&.! &%! 8M\K<<! H+*/'1%-/2C! Q+.&H&%+! &2&')*+*! (+H+!
I/241I%+4!1*-2B!./*-%-@+!&24!2+B&%-@+!-/2*!4+%+I%-/2*C!
TH/B+2+*-*!O/6+%!75/2'-2+&H!?)2&,-I*!^-,-%+4\!5+(I&*%'+\!Nc>!(&*!1*+4!%/!.H/I+**!%G+!
H&(! 4&%&! D-'+*C! T+&V! &'-B2,+2%! &24! -2%+BH&%-/2! (&*! .+HD/H,+4! &24! %G+! H+'&%-@+!
&0124&2I+! (&*! B+2+H&%+4C! ^-.-4! *.+I-+*! (+H+! -4+2%-D-+4! 0)! *+&HIG-2B! %G+! D/''/(-2B!
4&%&0&*+*E! 6XP^$5! 7G%%.EUU,+%'-2C*IH-..*C+41U-24+ZC.G.>i! '-.-4! ,&.*!
7G%%.EUU(((C'-.-4,&.*C/HBU4&%&U*%H1I%1H+U>i! [6?A! 7[1,&2! 6+%&0/'/,+! ?&%&0&*+i!
G%%.EUU(((CG,40CI&U>!1*-2B!&!K#..,!,&**!%/'+H&2I+C!PG+!.1%&%-@+!'-.-4!-4+2%-D-I&%-/2*!
! S9!
(+H+! ,&21&'')! @+H-D-+4! %GH/1BG! +Z&,-2&%-/2! /D! %G+! %&24+,! ,&**! *.+I%H&! &24! -2!
I/,.&H-*/2! (-%G! %G+! H+%+2%-/2! %-,+*! DH/,! I/,,+HI-&'')! &@&-'&0'+! *%&24&H4*! 7F@&2%-!
T/'&H!^-.-4*\!F'&0&*%+H\!F^>C!PG+!I/2D-H,+4!'-.-4*!*.+I-+*!&H+!H+./H%+4!-2!%G-*!*%14)C!
!
!
!
!
!
! !
! K<!
R0%+.! '1>&1! ?'11&?+.'*! #%/'1.+O8,! +'! 1&8'5&! .8#/&! >.,+'1+.'*,! (1'8!8#,,!
,A&?+1'8&+19!.8#/.*/!>#+#,&+,!
!
!
 
! !
! K8!
 
Multiorder Correction Algorithms to Remove Image Distortions
from Mass Spectrometry Imaging Data Sets
Florian Gerber,†,∥ Florian Marty,‡,§,∥ Gert B. Eijkel,§,∥ Konrad Basler,‡ Erich Brunner,‡ Reinhard Furrer,*,†
and Ron M. A. Heeren*,§
†Institute of Mathematics, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland
‡Institute of Molecular Life Sciences, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland
§FOM-AMOLF, Science Park 104, 1098XG Amsterdam, The Netherlands
*S Supporting Information
ABSTRACT: Time-of-ﬂight secondary ion mass spectrometry
imaging is a rapidly evolving technology. Its main application is
the study of the distribution of small molecules on biological
tissues. The sequential image acquisition process remains
susceptible to measurement distortions that can render
imaging data less analytically useful. Most of these artifacts
show a repetitive nature from tile to tile. Here we statistically
describe these distortions and derive two diﬀerent algorithms
to correct them. Both a generalized linear model approach and
the linear discriminant analysis approach are able to increase
image quality for negative and positive ion mode data sets.
Additionally, performing simulation studies with repetitive and
nonrepetitive tiling error we show that both algorithms are only removing repetitive distortions. It is further shown that the
spectral component of the data set is not altered by the use of these correction methods. Both algorithms presented in this work
greatly increase the image quality and improve the analytical usefulness of distorted images dramatically.
Imaging mass spectrometry is a technology with increasing usein the bioanalytical ﬁeld. The capability to obtain molecular
images and at the same time chemical identity makes it a great
tool to analyze a wide variety of organic and inorganic samples.1
Secondary ion mass spectrometry imaging (SIMS) is one of the
most used techniques to generate ion images of diﬀerent
molecular species. In a typical SIMS imaging experiment a
primary ion beam is rapidly rastered over the sample of interest in
a predeﬁned track. At each position the primary ion beam is
rastered over a squared surfaces area of a deﬁned size that
contains a ﬁxed number of pixels (256 × 256). This is referred to
as a tile. By decreasing the tile size the researcher can increase the
spatial resolution down to the submicrometer level. A larger area
is analyzed by performing a mosaic of a large number of adjoining
tiles (e.g., 8 × 8).2
In a typical SIMS experiment the surface is bombarded with
primary ions with energies in the kiloelectronvolt range. As a
consequence, secondary ions are generated from the analyzed
surface. Generally the ionization eﬃciency during this process is very
low and decreases toward higherm/z values.2 The secondary ions
are analyzed in a mass spectrometer to generate position-speciﬁc
mass spectra. After completing the measurement at every (x, y)-
position (tile) the ion images can be reconstructed. These images
facilitate the investigation of the distributions of elements and small
molecules such as lipids and other metabolites.3−5
For data interpretation it is crucial that the images have a very
high contrast, as well as sharp borders between sample and
sample holder. Yet, concealed measurement-based artifacts may
vitiate the data set and subsequently impair the analysis. These
distortions predominantly occur in every tile and show a high
reproducibility from tile to tile. We therefore call these reproducible
image errors tiling errors.
The cause of these errors is not completely understood. One of
the possible reasons arises from the physical nature of the
operating principle of SIMS and the surfaces analyzed. Most
biological surfaces are considered electrical insulators.6 During
the process of bombarding the insulator with primary ions the
sample will start to charge up. This charge up will inﬂuence or
even prevent the emission of secondary ions.
Diﬀerent methods have been developed to avoid these charge-
up eﬀects, for example, coating the surface of interest with
conductive materials (e.g., gold nanolayer) or charge compensa-
tion by electron bombardment. These applications tremendously
improved image quality in SIMS imaging mass spectrometry.7
But, charge buildup is not the only source of tiling errors.
Misalignment of the primary ion gun or local detector sensitivity
issues can also lead to similar distorted images. Unfortunately,
most of these errors are only visible after the entire image has
been acquired. Therefore, it is of great importance to generate
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tools that can correct for these tiling artifacts after the data
acquisition.
Because of the repetitive nature of the tiling errors it is likely
that these errors can be stochastically described. Such a stochastic
model of tiling error would possibly allow the construction of
methods to remove these artifacts. As a direct beneﬁt the image
quality would be enhanced, and therefore, multivariate analysis
methods such as principal component analysis (PCA) may gain
signiﬁcance. In this paper we show that the tiling errors can
indeed be statistically explained based on spectral features, and
we have developed two algorithms that can directly remove these
artifacts eﬃciently on the spectral level of the data. The
algorithms and analytical approach described in this paper allow
the user to get the most out of data acquired with tiling errors and
thereby improve the data interpretation.
■ EXPERIMENTAL SECTION
Data Acquisition. Data used in this study was from
atherosclerotic segments of mice arteria that were analyzed for
lipid distribution. Additional information about the data sets can
be found in ref 8. Brieﬂy, the time-of-light (TOF) SIMS data
were acquired on a Physical Electronics (Eden Prairie, MN)
TRIFTII secondary ion mass spectrometer. Data sets were
acquired in positive and negative ionmode ensuring that the total ion
dose was kept below 1013 ions/cm2, the so-called static limit of SIMS.
Data acquisition was performed using the software WinCadence,
version 4.4.0.17 (Physical Electronics, Chanhassan, MN). Data
analysis was performed using theChemomeTricks software package.9
Generalized LinearModel Approach. In this approach the
measurement region of the detector is divided into two
subregions, namely, the region of the sample (RS) as the region
containing the measured tissue and the background (BG) as the
region where we observe sample holder (glass) only. First, one
single m/z-peak is corrected. To correct an entire data set we
repeat the procedure for each peak (Figure 1). We assume a
parametric description of the distortion and estimate its
parameters on the BG where the tiling error pattern is not
disturbed by biological information. The tiling error is then
extrapolated to the RS, and the detector signal is separated into a
tiling error and biological information component. The resulting
corrected data is used as input for further multivariate data
analysis (Figure 1).
The approach is based on the following two assumptions on
the data structure: (A1) the tiling error in each peak can be
described by a common model formulation; (A2) the tiling error
structure on the RS is the same as on the BG. The ﬁrst
assumption allows us to perform the correction from peak to
peak without altering the model.
We denote the observed intensity count at a pixel/location (x, y)
with z(x, y). For eachm/z count we assume a Poisson distribution
with rate λ(x, y) and model the log rate log(λ(x, y)) additively
through a biological information part bioInfo(x, y), a tiling error part
tiling(x, y), a constant intercept on the RSμRS, and an unstructured
noise component ε. On the RS we have
λ μ ε= + + +x y x y x ylog( ( , )) tiling( , ) bioInfo( , )RS RS
(1)
Assumption A2 implies that the tiling error is common over the
entire slide, and for the BG the log rate is thus
λ μ ε= + +x y x ylog( ( , )) tiling( , )BG BG (2)
as there is no biological information but a potentially diﬀerent
constant intercept μBG. To model the tiling error on the BG a
generalized linear model (GLM) with log-link function is used.10 Its
linear predictors have to capture the tiling error. More speciﬁcally,
we use fourth-order polynomials in termsof (xmod k) and (ymod k),
Figure 1.Workﬂow of the GLM and LDA approach used in this work. The GLM approach corrects the tiling error in a peak-by-peak manner, whereas
the LDA performs linear discriminant analysis on the entire spectra of an assigned category. Due to its noniterative nature the GLM approach does not
require any statistical test to stop the correction procedure. In contrast, LDA is iterative and hence has to stop when the DF1 score calculated is random.
The randomness is tested using a Wald−Wolfowitz runs test (ref 15).
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with k the size of an individual tile. Themodulus construction imposes
a repeated structure on the model for the tiling error component.
Finally the estimated tiling error is removed from the data
accordingly. The corrected rate linked to the biological
information can be estimated as
μ= +x y z x y x yexp(bioInfo( , )) ( , )/exp( tiling( , ))RS RS
(3)
where zRS(x, y) is the observed intensity count at a pixel/location
(x, y) on the RS. exp(bioInfo(x, y)) does not have a tiling error
component anymore.
The correction routine is implemented in the statistical
software R.11 The R package R.matlab is used to access the data
from ChemomeTricks software package9,12 and later to return
data structures to the same software to perform PCA. Parallel
computing is exploited with the R package multicore,13 resulting
in a virtually linear speed up. The ﬁrst principal component of the
data set is used to select the RS, and obvious outliers from the BG
are excluded. In case the peak has a low overall intensity, the
estimated tiling error may be very small for some (x, y), leading
to unstable results. The ﬁtting procedure is further improved by
transforming the ratio in eq 3 to
μ+ + +z x y q x y q( ( , ) )/( exp(tiling( , )) )RS RS (4)
where q = max(0, 1 − exp(min(μRS + tiling(x, y))). The
corrected intensities are rescaled to have the same overall
intensity as the original ones, allowing comparisons of total ion
images between diﬀerent methods.
Linear Discriminant Analysis Approach. The second
correction method assumes the correlation of the structure of the
data with its position of the pixel in each tile. We used a linear
discriminant analysis (LDA) approach to model and remove the
tiling error from the data.14
The ﬁrst discriminant function (DF1) is deﬁned as
=D BD
D WD
maximal1
T
1
1
T
1
whereD1
T is the transposed DF and B andW are the between and
within group covariance matrices. The same deﬁnition holds for
the second and higher DFs with the precondition that all DFs are
orthogonal.
This approach ﬁrst assigned a category (i.e., class) to each pixel
according to their position within each tile. Then LDA was used
to create a model based on these classes. The resulting ﬁrst
discriminant function (DF1) described the common behavior of
the spectra at each tile position over all tiles and therefore
represented the tiling error. DF1 scores of all pixels were back-
transformed to the original (mass)feature space bymultiplication of
the DF1 score with DF1 loadings, and autoscaling and normalization
were reversed. The resulting data set was subtracted from the
original data set and the LDA procedure was repeated until nomore
tiling error related variance remained in the data. The procedure is
summarized in the following equation:
= − × ◦ + ×S S(( ScoreDF LoadDF ) Var Mean) Normscorr 1 1
where Scorr is the corrected spectrum, S is the autoscaled and
normalized spectrum tobe corrected, ScoreDF1 is the score of S, on
DF1. LoadDF1 is the loading vector of DF1, Var is the vector that
contains the variances of the mass channels, Mean is the vector that
contains the mean values of the mass channels, and Norms is the
normalization factor for S. Please note that operator ◦ means the
element-wise multiplication of the vectors.
After all the tiling error has been removed, the DF1 scores
would be random and are assessed with the Wald−Wolfowitz
runs test on the DF1 scores. If the Wald−Wolfowitz runs test is
positive the cycling would be stopped.15 The resulting corrected data
were used as input for further multivariate data analysis (Figure 1).
Both presented algorithms in this study were tested on
samples containing large amount of tiling distortions.
Simulation Study. To further support that the correction
routines only remove tiling errors and do not alter the biological
information, i.e., to correctly separate signal and repetitive noise,
we have performed multiple simulation studies. Two representa-
tive examples are presented and discussed here. We took a
corrected data set after the GLM correction was applied. This
corrected data set represents the “ground truth” signal and was
subsequently altered by adding diﬀerent artiﬁcial tiling noise.
The tiling pattern was regular or alternated by inverting every
second tile (checkerboard-like) to simulate nonrepetitive noise.
In the latter case, the correction routines should not detect a
pattern and leave the data unaltered.
Figure 2. First and second principal components (PC1, PC2) of
uncorrected data show strong image distortions both in positive and
negative ionmode (a). Correction of the distorted data called initial with
the GLM and LDA approach removed the distortions completely in
negative ion mode (b and c). In positive ion mode some distortions are
not removed. The remaining distortion needs to be further examined to
improve the correction of it (b and c).
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■ RESULTS AND DISCUSSION
Correction of Biological Data Sets. We developed two
algorithms, GLM and LDA, to remove artiﬁcial repetitive
distortions (tiling errors) (Figure 2a). The data sets used in
here were arterial cross sections of atherosclerotic origin.8 First,
we corrected the data using GLM that is a parametric approach.
TheGLM approach uses the background (in our case, the sample
holder) to estimate the tiling error structure and corrects it for
one peak at the time. The procedure is then repeated for every
peak (details, see the Experimental Section). Using appropriate
model functions for the background, the biological information
and the tiling error part, the tiled data can be corrected using a
multiplicative correction approach. Subjectively, the algorithm
performs well in negative ion mode and removed all the tiling
error (Figure 2b). In positive ion mode compared to the
noncorrected data set the algorithm removed most of the tiling
error and facilitates image interpretation (Figure 2b).
Second, we applied a diﬀerent correction algorithm based on
LDA to correct the same data sets and compare for the suitability
of the diﬀerent algorithms. Comparable to the GLM approach
the LDA approach removes the tiling in the negative ion mode
(Figure 2c) and performs equally well in positive ion mode
(Figure 2c). This indicates that the choice of an iteratively
applied additive model seem to be as appropriate as the use of a
multiplicative model. Both algorithms are not able to entirely
remove the tiling error artifacts in the positive mode data set.
Possibly, the remaining tiling error may not be as repetitive as
assumed for the algorithms to be corrected. Further investigation
of the remaining tiling errors are necessary to improve the
correction eﬃciency for nonrepetitive artifacts.
Correction of Simulated Tiling Error on a Detiled Real-
Life Sample. As both algorithms lead to a subjective
improvement of the data quality we also examined their eﬀect
on the spectral components (principal component loadings). In a
ﬁrst step we added artiﬁcially generated regular tiling error to a
corrected data set. The tiling error was constructed to resemble
the typical tiling error patterns (Figure 3a). Clearly, the addition
of tiling error heavily inﬂuences the loadings. This is indicated by
the positive and negative diﬀerences between the loadings of the
initial data set and the artiﬁcially tiled data set (red and green bars
below and above the spectra Figure 3). But the GLM, as well as
the LDAprocedure, removed these artifacts completely (Figure 3b).
Comparing the initial and corrected data set the loadings only vary
slightly indicating that also the spectral distributionswere restored to
the initial state (again red and green bars below and above the
spectra). This demonstrates that the algorithms do remove tiling
error and thus increase the data quality. In an additional simulation
we added artiﬁcially generated alternating tiling error which was not
observed previously on real data (Figure 4a). We call this tiling error
“checkerboard tiling”. Again the loadings of the checkerboard-tiled
Figure 3. Corrected data set (initial) was distorted with a simulated repetitive tiling error pattern (initial·tiling) (a). This changed the loadings spectra
and led to a signiﬁcant shift of the peak intensities. As indicated above the loadings spectra, most of the loadings increase (green) in the higher mass
range, whereas the lower masses decrease in loadings value by a factor of ±0.0379 (red). For the negative part of the principal component only minor
changes of a factor of 0.0391 are observed as shown under the spectra indicated with green and red bars. The distorted simulated data set was then
corrected with GLM and LDA (b). A direct comparison of the initial and the corrected data set does not reveal any changes in the loadings (±3 × 10−4
for positive and ±2 × 10−4 for negative loading components) for the GLM. For the LDA approach the change is also negligibly small (±0.001 for the
positive and±8× 10−4 for the negative loadings). In addition, for both algorithms the peak intensities remain the same after correction compared to the
initial.
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data set are diﬀerent from the initial one (red and green bars below
and above the loadings spectra Figure 4). Neither the GLM nor the
LDA procedure removed this pattern (Figure 4b). Also the loadings
were kept unchanged if the corrected data set was compared with
the data set containing the distortions. (Note the small scales of the
red and green bars.) This illustrates that the proposed algorithms
only remove repetitive tiling error structures and no other
potentially relevant information. Taken together these ﬁndings
clearly demonstrate the use of such algorithms to increase image
quality.
■ CONCLUSION
We have investigated a long-standing problem in mass
spectrometry imaging, the occurrence of repetitive image
artifacts called tiling error, through the use of two diﬀerent
algorithms.We demonstrated that a GLM and LDA approach are
both equally well-suited to correct tiled data sets. Simulation
studies of diﬀerent tiling error patterns showed that the structure
of the tiling error is only corrected if it is repetitive in every tile.
Moreover, we demonstrated that both algorithms perform the
correction without corrupting the spectral components of the
data. Both algorithms have been applied to several dozen
diﬀerent samples. The versions described here represent a stable
and comprehensive implementation. Both methods are built on
diﬀerent components that are almost orthogonal to each other
(see Suppl. Table 1 in the Supporting Information). Naturally all
these features can be interpreted as a disadvantage. For example, the
GLM approach does not use the sample area to estimate the tiling
error but subsequently uses a non-negligible area of background.
It is straightforward to build new and diﬀerent correction
approaches by exchanging or extending individual model
components, e.g., using generalized additive models instead of
GLM, using quadratic discrimination instead of a linear one. The
utilization of the software R illustrates that there is no limitation to
use proprietary software and that it is possible to build new or more
complex correction routines. Finally, we believe that other ﬁelds
with similar problems [e.g., matrix-assisted laser desorption/
ionization mass spectrometry imaging (MALDIMSI), microscopy]
may apply the algorithms presented herein, provided a repetitive
error pattern is present.
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Figure 4. Corrected data set (initial) was distorted with a simulated nonrepetitive tiling error pattern (checkerboard tiling) (initial·tiling) (a).
Comparable to the repetitive tiling error the loading spectra and the peak intensities are highly changed. As shown above the loadings spectra, most of
the loadings increase (green) in the higher mass range, whereas the lower masses the loadings value decreases (red) by a factor of 0.0376. The negative
part of the principal component does only change little (shown below, ± 0.0389). The distorted simulated data set was then corrected with GLM and
LDA (b). As expected, both methods do not remove this distortion since it is not based on tile-by-tile repetition. Comparing the corrected data set to the
initial·tiling data set the loadings and peak intensities remain unchanged (±2 × 10−4 for the GLM and ±6 × 10−4 for the LDA positive loadings and
±1 × 10−4 for the negative loadings, respectively).
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Suppl. Figure 1.  Images of five m/z peaks from the initial negative ion mode dataset 
(left column), their GLM correction (middle column) and their LDA correction (right 
column). The GLM images show a more pronounced tissue and a weakened 
background signal because of the distinction between tissue and background. The 
LDA approach does almost not change the tissue and background intensities. Some 
pixels in the LDA corrected images had slightly negative values which were set to 
zero. Both algorithms reduce the tiling of the images.  
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